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EXECUTIVE SUMMARY

This document presents an annual report to the Office of Naval Rescarch for a rescarch
program cntitled “A Theoretical Scarch for Supervelocity Semiconductors.” This program has
been funded by ONR since 1974 in the Department of Electrical and Computer Engincering at
N.C State University. The research has resulted in more than 75 referced publications and
numerous conference presentiations from-its inception. Major contributions to the ficld of hot
clectron transport and semiconductor device modeling have been achieved. new computational
methads have been developed (e.g.. path integral Moate Carlo techniques). and the wwrk has
helped stimulate commercial ventures in the applications of quaternary semiconductior matenals o
clectronic and optical devices. In addition, there have been twenty-six Ph.D. and M.S. students
who hive received degrees at M.C. State University with rescarch support from wnis contract.
Three visiting faculty members from Japan came to the University to work with the faculiy
investigators supported under this ONR contract during the 1979-1983 time period. A visiung
professor from rive French CNRS Microstructures and- Microelecironics Laboratory in Bagneux
(ncar Paris) spent a sabbatical year ar N.C. Staie during 1988-89. and he devoted full-time
working on this program at no cost toONR. During the current funding period, « visiting scholar
from China is a member of our rescarch group working on projects which direcity impact this
ONR program. Furthermore, we expect to add a new Visiting Research Assistant Professor this
vear 1o enhance our efforts in band structure calculations for quantum transport aid mesoscepic
devices.

The initial phases of this work centered sround development of Monte Carlo simulation
wehniques which allow the study of detailed physics of hot electron ransport :n 4 variety of
compound semiconductor matertals. The original ecmphases were Concerited ath electrons.
matesals phenomenit Luter work considered the walization of these maienntds i calisie device
structures where physica! boundary conditions must be tnposed on the carren trasnsport. Mote
recently, the work hae tocued on the domien of ahira steadlimateneds and device pienomeine wiere
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transport, and quantum transport become important or dominant. During the past four years we

‘have published new tesearch results on applications of the Feynman “integral over paths™ approach-

to quantum transport as well as the study.of hot-electron effects in new device structures, such as
the hot electron spectrometer, heterojunction bipolar transistor, small dimension metal-
semiconductor-metal-photodetectors, and delta-doped high electron mobility transistors. Also, we
have been exploring some new approaches to device modeling which-combine the Monte-Carlo
method with the method of moments of the Boltzmann transport equation (hydrodynamic transport
model) for studying specific device structures, such as small-dimension n*-n-n* majority camier
devices and the high electron mobility transistor. During the past year we have incorporated
quantum correction -terms -into the hydrodynamic model and applied- this model to resonant
tunneling structures. Quite recently, we have applied 2 new ansatz distribution function as a
constitutive relation to close the moment equations in the hydrodynamic transport model. Initial
results of this approach have been physically satisfying and computationally promising. A
comprehensive formulation of this new model will be published in the Physical-Review in January,
1992. New work on the theory of optical phonon modes in heterostructures has demonstrated the
importance of the effects of reduced dimensionality on transport dominated -by the LO phonon
interaction near heterointerfaces. As a result of this work, a new concept for velocity enhancement
in-pseudomorphic device structures is proposed for the new research program. Finally, we have
developed a concept for a new device structure, which we call the real space transfer logic
transistor (RSTLT). Preliminary results for this devi ¢-predict a switching speed less than 3ps.

These results will be presented at the International Electron Devices Meeting (IEDM) in December.
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1.6 Introduction

In October 1974, the Office of Naval Research initiated sponsorship-of a basic research
program in the Department of Electrical-and Computer-Engineering (ECE) at North Carolina State
University. The general goal of this research program has been and -continues to be the
investigaiion of hfgh-spccd carrier transport in I1I-V compound semiconductors, III-V alloy
materials, other advanced electronic and optical materials, and novel device structures-which utilize
these materials. Four faculty members at N.C. State have been primarily involved in and’
supported by this project. They are M.A. Littlejohn, J.R. Hauser and T.H. Glisson, presently
Professors in the ECE Department, and Dr. K.W. Kim who-joined the ECE faculty in August
1988. Dr. Kim has served as a PI on the effort since January 1989 and is now a major contributor
to these efforts. This research program has made significant contributions to the understinding
and knowledge base of hot electron transport in-materials and devices. It has provided scientific
guidance to the U.S. Navy-in the-formulation of a part of its basic and applied research program.
Numerical concepts developed under this project have been transferred to other Universitics,
including the University of Illinois, and we continue these interinstitutional collaborations. During
the past year, faculty members and graduate students have spent-time.at the-National Center for
Computational Electronics at the University of Illinois (with Brofessor K. Hess). Also,
collaborations with Dr. H.L.. Grubin of Scientific Research Associuates, Inc.; Dr. M.A. Stroscio
and Dr. G.J. Iafrate of the U.S. Army Research Office .in the arca of quantum transport in
semiconductor devices have been strengthened. Dr. iafrate; Dr. Stroscio, and Dr. Grubin are
Adjunct Professors in the Electrical and Computer Enginecring department-at North Carolina State
University. In addition to those directions, our research results have helped stimulate commercial
ventures, particularly in the development of GalnAsP-based materials-and devices. To-date, this
program has resulted in 68 referced publications in the literature, 6 additional manuscripis are
currently in press, and 5 manuscripts have been submitted or are in preparation for submissior 0
the technical literature. A listing of these publications is given in Appendix A. In addition,
numerous invited talks and presentaiions have been given at conferences and workshops
throughout the United States and in other countries. The program has contributed sigrificantly ©
the educational program at N.C. State University with more than thiny Ph.D., M.S., and
undergradyate students having received support undes this ONR contract. Currently, three Ph.D.
students are working teward their degrees on this project. Two of these Ph.D. students are U.S.
Citizens. A visiting scholar from China is also working on research related to this program. We
arc now recruiting another Visiting Research Assistant Professor who can extend our capabilities

into the arcas of band structure effects and quantum transport in MesOScoOpIc sysicms.




2.0 Research Results
2.1 l_B;gckszround

Since its inception, semiconductor technology has been stimulated by requirements for
clectronic systems with ever-increasing capabilities io process information faster, more-functionally
and-more cfficiently. These requirements have msotivated the scaling-down of integrated circuit
(IC) device dimiensions into the submicron (less than ten thousand angstroms) and ulirasubmicron
(less than one thousand anzstroms) regions. Today, we have entered an era where nanostructure
phyzics and fabrication motivate-our research efforts in semiconductor electronics 1], As
fabrication technology has allowed such devices 16 be reaiized, many new and fundamenial
questions have emerged concerning the underlying physics of small (atomic level) dimensions in
semiconductor devices. Importaiit issues now under consideration- for ultrasubmicron devices
include nonequitibrium transport dealing with such topics as-quasi-ballistic transport, overshoot
phenomena and quantum transport. A great deal of progress has been achieved in our
understanding of these important device effects, although major work-remains 0 be done as our
ability-to fabricate very small electronic device structures continues to expand and mature [2,3].

The ability to fabricate small devices has been continually refined over the las: fifteen years
through impressive improvements in materials growth technologies. Molecular-beam epitaxy
(MBE), metalerganic chemical vapor deposiiion (OMCVD), and atomic layer epitaxy (ALE) have
provided the ability to fabricate a wide variety of materials and heterostructure combinations with
near perfect interfaces, doping control-and compositional uniformity with atomic level dimensioss.
The development of ALE may very well prove to be the ultimate growth technology since it allows
the deposition of oac monolayer of device quality-material ihrough a conirollable, self-limiting
mechanism, and is especially usefui for the deposition of heterojunctions [4]. The ability to grow
layers with dimensions of a Iew angstroms opens the realm of guantum transpost io experimental
study and verification. Thus, topics resulting fror size quantization in condensed matier must be
investigated from theoretical viewpoints with tools which are either partially developed or througn
the development of niew tools which are not now available. Quantization effects arising from
geometrical size consiraints, proximity ffects resulting from closely packed armays of devices, and
general solid-state considerations not heretofore considered guestionable (effeciive mass
approximation, the rol2 of interfaces and the like) must beaddressed from a fundamental point of
view. Morcover, from a device physics viewpoint, it is desirable to have a microscopic description
of the physics of small dimensions which is amenable o phenomenological treatment, so that its

praperties can be meaningfully incorporated into futuristic device concepts and sanulation,




Theoretical methods to address carrier transport have also progressed rapidly-over the last ten-
fifteen years, in a manner similar to rescarch in semiconductor thin- film epitaxial growth
technology. In fact, this is a natural progression in many ways and is to be expected. The
progress achieved in materials growth of structures with quantum dimensions dictates that new
approaches be developed and refined to study quantum transport phenomena. However, a
significant change in research direction is now warranted. Past transport theory and device
modeling approaches have relied on particle or quasi-particle approaches where the electrons are
treated as rigid mobile entities which undergo interactions with the transport medium. The
treatment of the interaction often involves wave concepts. However, the model is basically a
particle model. In the current regime of quantum transport, we may no longer be able to consider
the carriers as particles. It is quite likely that their physical behavior will be governed either
-partially or completely by wave phenomena (i.e., electromagnetic and quantum mechanical
effects).

The quasi-particle methods attempt-to retain as much of the classical formalism as possible in
order to be able to express results in terms of parameters which are of the greatest experimental
interest, such as carrier velocity and diffusion constant. This is a flexible approach. However,
much care is required te ensure that all important effects are properly included because of the
approximations involved in the formulations. On the other hand, more fundamental quantum
approaches, such as-operator-eigenfunction methods, adhere closely to the actual quantum states
present in the device structure when-scattering is not included. Scattering processes (dissipation)
can be added using perturbation theory from quantum mechanics. These techniques can obtain the
greatest sensitivity to the resulting carrier confinement and-the lattice potentials. However, they-are
relatively inflexible in studying non-linear dynamical properties in the presence of strong
dissipation, such as is present in the electron-phonon interaction at high electric fields.

Another approach to quantum transport relies on the “integral over paths” method, originally
proposed by Dirac and formulated by Feynman [S]. Path integral methods rely on an influence
functional technique in which the source of the dissipation has been integrated over all phonon
modes. This results in a model influence functional where the phonon-scattering dissipation can be
represented as an interaction with a collection of harmonic oscillator modes in which the
translational invariance of the carriers is preserved. The resulting model includes constant or
oscillatory electric and magnetic fields, carrier screening, scattering and dissipation, carrier
confinement,-background temperature and initial conditions can be dealt with as readily as for a
free particle [6).

The work at N.C. State University supported by the ONR under the current contract has
progressed over the past sixteen years from the realm of particle-models to guasi-particle models 10
quantum transport models. We have relied primarily on the Monte Carlo method to study and




solve transport problems in 1II-V compound semiconductors. Our techniques for modeling
materials physics and device phenomena extead to device dimensions around onc thousand
angstroms |7-8], and we are confident in these models for predicting steady state and transient
device effects down to these dimensions. However, in order to-remain in the forefront of transport
physics and device research, we must continue and increase our progress into the realm where
physical effects can be studied in device regions with dimensions less than one thousand
angstroms.

As one new direction for our research, we have chosen to pursue-the path integral method.
This is in contrast to other methods now being studied and supported by ONR, such as the
application of the density matrix formalism and Wigner distribution function approaches including
the use of moment equations [9]. We have made substantial progress in the path integral approach
during the past five years and we believe that path integral methods can play an increasingly more
significant role in developing an understanding of quantum transport in devices. Currently, we are
aware of only one other U.S. university program directed toward applying the path integral method
to semiconductor devices. This is the program at the University of Illinois under the direction of
Prof. Karl Hess. Qur program is very complimentary to the one at Illinois, and we are in fact
collaborating with those personnel through the use of the NSF Supercomputing Center and the
National Center for Computational Electronics there. One of our former students who finished his
Ph.D. degree in 1990 has joined Prof. Hess’ group and thus we expect this interaction to increase.
We propose to spend a major effort collaborating with Prof. Hess’ group in applying the path
integral to specific device structures such as mesoscopic devices [10] during the next year, thereby
further establishing its utility as a-method for modeling quantum transport in devices. In addition,
we will continue to explore the Monte Carlo transport method for study of novel device structures
where theoretical underpinning is required. One particular class of devices which we-will continue
to study is based on hot electron injection across potential barriers where the transport mechanisms
which determine device behavior are poorly or incompletely understood. Of great importance here
is the fact that these devices offer the potential to compare experiment and theory. Also, these
devices can be used to aid in our understanding of quasi-ballistic transport [3]. For example, we
have explored the concept-that ballistic-like behavior can be predicted even when scattering effects
are significant [11]. The type of scattering and the range of carrier encrgies are critical in this
regime. Another novel class of structures which will also be studied in detail bythe Monte Carlo
mecthod is based on the rapidly-emerging pseudomorphic or strained-layer devices. These
structures permit extended compositional ranges and, thus, have a number of potential advantages
such as higher transconductance and channel carrier density. Recent studies on the strain-induced
piezoelectric fields have opened yet another possibility in realizing ultra-fast switching devices,

resulting in an increased importance on the study of carrier transport in these devices. Other novel
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devices which will be analyzed include delta-doped field-effect transistors and quantum well
structures, based on studies which have begun the past year. For example, we have proposed a
new transistor structure - the real space transfer logic transistor (RSTLT) - which has a predicted
switching speed of less than 3ps. If verified, this will be the fastest room temperature logic device
yetreported. Finally, we will incorporate Monte Carlo methods into the quasi-particle approach
based on moments of the Boltzmann transport equation with quantum mechanical corrections.
Preliminary results show the utility of this approach:for modeling microwave and millimeter wave
devices which are important to the DoD’s MMIC program.

We want to re-iterate the important interactions which have developed between our research
group and other researchers during the last year. These interactions increase the impact of this
program on the field of semiconductor device physics and allow our research efforts to be far more
productive through increased intellectual efforts and enhanced facilities and resources. During the
1990-1991 funding periods, we have intensified our research collaborations with-Prof. K. Hess at
the University of Illinois, Dr. H. Grubin of Scientific Research Associates, and Drs. M. Stroscio
and G. lafrate of the U.S. Army Research Office. These research collaborations have resulted in
several joint publications based on mutual research interests, expertise and capabilities. There have
been several visits between these laboratories and the logistics for increased collaborations are
excellent. Also, we have very recently initiated an interaction with Dr. Doran Smith of ETDL, Fort
Monmouth to verify the operation of the RSTLT.

2.2 Summary of Research Results

This section will provide a summary of work concluded during the past year on the continued
development of Path-Integral Monte Carlo (PIMC) methods for the study of the electronic
properties of ultrasmall devices. The application of PIMC is based on the Feynman path-integral
formalism of quantum mechanics. The following summary represents work done in collaboration
with Dr. M.A. Stroscio of the U.S. Army Research Office and Dr. L.F. Register of the University
of Illinois. Dr. Register obtained his Ph.D. from N.C. State University and is now a Post-
Doctoral Fellow at Illinois. The work deals with constraints on the polar-optical phonon influence
functional in heterostructures which arise form conservation relationships for certain physical
quantities in the PIMC formulation. The work is theoretical and formal; however, it has more
practical applications since it provides a basis for estimation of the influence functional from limited
knowlcedge of the spatial confinement of individual phonon branches. The results can help (o
expand our knowledge of clectron-phonon interactions in heterostructures.




The Feynman path-integral (FPI) formulation of quantum mechanics allows formal inclusion
of carrier phonon coupling to all orders-in the coupling potential via the influence functional
[12,13]. For this reason, the FPI-has been extended to the study of confined carriers in ultrasmall
heterostructure geometries [18], including recent advances in numerical methods [19-21].
However, in heterostructures, beyond the confinement-of carriers, the confinement of phonons
should be considered as well. Here, this latter confinement effect on the influence functionals for
polar coupling of carriers to longitudinal-optical- (LO) phonons is considered, without assuming
any specific functional form for the phonon modes. In Section (a), the influence functional is
defined in terms of the carrier-phonon modes. In Section (b), the influence functional is defined in
terms of the-carrier-phonon interaction Hamiltonian. In Section (c), it is shown that the partial
contributions to the total influence functional from the individual branches of the LO-phonon
spectrum are related and constrained by conservation relations. In Section (c), it is also shown that
these conservation relations lead to-the familiar results of Feynman [14,15] in the bulk crystal-limit,
and that for heterostructures they provide a basis for estimation of the influence functional from
limited knowledge of the spatial confinement of the individual phonon branches.

(a) Path-Integral Formalism

Consider a coupled carrier-phonon system with quantum mechanical Hamiltonian of the form

2 2
9[=_2%Vi+'V(T)+§‘ %_‘%__*_wil fn""bm (r)&m 1
m
where ris the carrier coordinate, &, are the phonon coordinates, fw,, are the uncoupled phonon
energies, and ¢,,(r) are real functions characterizing the carrier position dependence of the carrier-
phonon interaction. For this system, the equilibrium density matrix for the carrier averaged over
the phonon coordinates and subject to a Maxwell-Boltzmann distribution in energies at temperature

T is given by
h/kpT
1 I, .
p(r,rT) = fexp §— 7 f/zm 1H(e)12 + Vir(e)]]dt ¢ Flr(t)] Drit) (2)
r 1 ;
,
in the FPI formalism [13]. Here, “ {... Dx(t)” signifies an integral over all paths from r“to r that

. . . r’ . . .
are continuous functions of time, and ¥/r(t)] is the influence functional. Flr.¢)] accounts for

coupling between the carriers and phonons to all orders in the coupling potential and is given by

[15]
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Equilibrium, rather than time-dependent, conditions are considered here for compatibility with

existing numerical methods for performing carrier real sclf-energy calculations in confined
geometries [19,21]. However, the calculations performed here can be adapted easily to the time-

-dependent case.

(b) Conservation Relations
For polar coupling of carriers to phonons, LO or otherwise, the interaction-Hamiltonian:for

p ([) Z (r' r{)} - ﬁ' T
"[m = 41[82[ Lr-r13 Z 25\42(1),”‘(1)'"'1"’. {ay, + ajy), )

where € is the free-space dielectric constant; zis the carrier charge; r;, Mrand Zyare the equilibrium

-each_phonon mode is

‘position, mass and effective charge (the measure of ionization) of the £h ion, respectively; @17

are the normalized classical lattice vibrational modes of the crystal lattice as a discrete function of
the mode, ion, and direction, respectively; the subscript jon a vector indicates the dot product of
that vector with the unit vector in the jth direction; and a, and a,, are'th  raising and lowering
operators, respectively (22]. Thus, in terms of the vibrational modes ¢, «+ the coupling functions
@.(r) of Egs. (3) and (5) are

¢m(r)=;;-; Y f’,j;‘{g 2 i), (5)
1,j YM;
where the relationship &y = \] h2wm (arTn + amy) has been'used. Of course, knowledge of dn(r) is
still limited by knowledge of @5, of which here only the following is.claimed: for any crystal
structure, the classical vibrational modes form a mathematically complete set of functions over the
lattice degrees of freedom and, thus are subject to the orthogonality condition

E(Dm A P17 = 81,18),j (6)

m
where & is the Kronecker delta function [23].

Having obtained the coupling functions ¢m(r) in terms of the classical vibrational modes
om,1j» EQ. (5), the same now can be done for the influence functional F/r(t)] of Eq. (3). For any
single branch of the LO-phonon spectrum v of near uniform energy hwy, the spatial correlation of
®m,v(r) encountered on the right-hand-side (RHS) of Eq. (3) becomes
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Though- Eq. (6) is exact only for a sum over all modes, for an entire branch of the phonon
spectrum, including perhaps noncoupling phonon modes that can therefore be included and
weighted as desired, it is reasonable to expect the correlation function va D1 j Pm,l-j to remain

short range in the displacement r; - r;. Neglecting this displacement relative to - and accepting
anuncertainty in ion position 1j of a single lattice primitive unit cell, transforms Eq. (7) to the form

z ol 2 —> [ ; ] ®
P ()l APl | N

my

where

1 _1

(R-Ri); 1 BRy)
= , BRy; 9
Tutrr) o )RR 1 [vv,-,-'(ao)] i R13 ER ®
1 2z
—————= Gl <~ 5, Byt D1, (10)
Yv j5(1:r7) 17

iy 1
\]MJMJ'
Here, R=t/lr-r’l, R’=r" fir - r'l and Ry = r; /17 - r’1; Gion(r) is the local ion density; and “<>”
indicates an average over ions | within a lattice primitive unit cell centered at r, and lattice
configurations in the case of alloys. Substituting the approximation of Eq. (8) into Eq. (3), the
influence functional takes the form

z 1
flr(t)l:ew{m ‘.! J br(t) - r(t’) % Fvirs)

2 WhaT ffkeT [

Wy Lt 1 O et 1-R/K T)
[ Bad's eV - B {[L’ JL , (11)
Oy (1 — e OVARLT)

where all cffects of phonon lecalization are isolated in the form factors I'y(r,7) [24].
As for ¢,,(r) before, the result of Eq. (11) for the influence functional F/r(t)/is limited by the
degree of knowledge of the lattice vibrational modes ® (. Fortunately, employing the

orthogonality condition of Eq. (6) exactly, it is demonstrated readily that the functions Yvyy (1)
obey the conservation relation

1 I
— =g, (12)
v Wit " y(r)
where
Z
y(r)E Cionlr) < af, > (13




is -a -material dependent quantity only. For Fy(r,r"),. via -Eq. (9); this consefvation relation
translates to

I 1
7 = ) (14
%:Fv{f,r') ‘r(r,f") ( )
where
1__1(1 (R-RJ*(R-Ri) :
T(r) 4m Jy{y(l) R 13 K- Kg 1P PR (15)

Further, as defined in Eq. (13), y(r)is just a:spatially varying version of the.usual density-function
encountered in conventional bulk polar optical scattering rate-calculations,-that for a pure binary
crystal can-be obt’ained—phenomenologically‘from:{f1 = 2 (e;f’—- 8;1), where €. and g, are-the
relative high and low frequency dielectric constants, reséectivgly —[—25]. For an- alloy,. a
compositionally weighted averaged: of the pure material values should -provide a reasonable
approximation. Therefore, with these conservation: relations; if not-for the-explicitly frequency
dependent terms-in Eq. (11), Knowledge of-the-material-dependent -quantity y(r)-alone-wouldzbe
sufficient to.completely determine the:total influence functional. As is;.these:consetvation-relations
still provide a basis-for estimation-ofithe influence functional-from limitcd *knowledge of the spatial
confinementof the:individual phonon:branches.

-(c) Examples

For comparison with-previous results, consider the limiting-case of the influence functional-of
a pure binary bulk semiconductor. For this-case there-is-only one LO-phofion branch and, thus,
the influence functional:is completely determined by only that:phonon branch’s.optical. phonon
energy and-the conserved-quantity-I" (r, 1) [26]. Fora homogeficous material, from Eq. (15), this
latter-quantity is given by simply I'(r, 1) = ¥(r)- = ¥. Employing-the phenomenologically obtained

value-for y given above, gives from Eq. (11)exactly the:influence functiv-.. ~btazned by Feynman
for coupling to polar-optical-phonons in bulk semiconductors (after switching to SI.units and
removing the normalizations)-[14, 15). This agreement results desite the-use of dissimilar
-physical-models. Here, discrete dipoles-and-a finitc Brillouin.zone dre considered. In-contrast,
Feyniman employs-the Frolich-model-of the lattice polarization: for carrier-polar-optical-phonon
coupling,-that-of approxiimating:the crystal lattice-as a continuum of dipole charge characterized-by
the density function ¥ and-the-vibrational frequency o [25], and, consistent: with-this continuuny
approximation, an-infinite Brillouin zonc.

As a sccond -example, chosen to illustrate a range of phonon confinement possibilities,
consider an AlGaAs-GaAs heterostructure of arbitrary gecometry. The total dipole charge densities




within-both-materials are:readily-available-as described-above. Therefore, given:the conservation:
relation-of Eq. (12), only-estimates of the:relative:contributions-of-the individual:phonon-branches
-as-a function of-position=are requircd-for-evaluation of:the influence. furictional-via: Egs.:(9) and:

1) [27]: To-this.end, for large-energy separations between thx 1:Q-phignon braiich in-the GaAs-

.and the AlAs-like:LO-phonon branch:in the AlGaAs, the penety .uy-+ +' 2nth:of the AlAs-like:phonon:
modes-into the GaAs should be small and:in a first:approXim: - . infr s, can-beneglected. For

small energy differences between the LO-phonon branch .. *» + afs-and:-the:GaAs-like LO:=

phonon:branch-in the AlGaAs,the branch in-the AlGaAs [28 .-no distinction- need be made:
between:these two branches, and-thus, the degree:of phonon con'.  .ient:between these-branches.
‘becomes. @ -mute- point. Therefore, within the GaAs.only: @ .J-phonon ‘branch:-need be:
‘considered and; thus, the:total dipole charge density Ygaas-teed ict-be subdivided: Further, while
two phonon branches-stil:must-bé:considered within the AlGaAs,:the relative contributions-of each:
;@hon'on;_b,ranch YAlAs-like-and YGaAs-like t0:the total dipole.charge-density Yaigaas-dre the-same as.
those require:t for conventional’ alioy ‘scattering rate -Calculations [22;29-33]. If the-energy-
separation:bstween the optical phonon branches szthe=adj§1ceh;£m‘gtgria!$si_s"consi{igred'to,"_ljc'in an:

ifitermediate range, that-is when-it:is too-large to'be-neglected butstoo small- to_prevent significant:

‘penetration of thesphonon:modes through the material interfaces onsthe spatial scale-of intes=st, still:
only-estimates ofsthe relative contributions-of each:phonon branch:near:the-interfaces to-the_totals.
YGaas AndYa1Gaas:are required, notabsolute nor made by mode estimates. Possibletbuses-for. such:

estimates-are, for exam‘pk, calciilations=of conf™ 3cd phonon modes ariii%zpcnct;fgtion dépths»:pfé

-evanescent phonon: modes, e.g., Refs. 34:- 37.

(d)- Conclusion

The:Eey’nmgj}'inﬂucﬁ,ceifunciionaléfo;polar cgupling;j_of carri€rs.to conifined phonon modes in-

‘héterostructures -has. beeii-considered. It was found: that the partial contributions to the total:

influencefunctional from:the individual branches of-the optical-phonon energy-spectrum areirelated-
and constrained-by conservation-felations, Eqs. (12) - ( 15): The derivation-of these conservation.

relations-Tequired'no specific ,fun,@'gionalsfc}rm*foijhc,phoﬁon:—mo’dcs;fra;hef,it—cnlf)loycdfqn,ly the

inherent orthogonality and mathematical-completeness of the classical vibrational:modes over the

—ééystle—la;iice degrees of freedom. In the-bulk crystal limitithese conservation relations lead to the

familiar résults-of:FFeynman-for heterostructures and tiiesesconservation-equations:provide-a-basis

for estimation-of the influence functional-from limited knowledge of-the spatial-confinement:ol e
individual:phonon-branches. Further,.though thezFPI formalism:is.considered-here, it should be

possible to apply similar reasoning to--more .conventional scattering rate calculations in-

‘heterostructures, asswas done for.optical phonea-scatteringin-alloys=previously [22].




During the past year, we have made-a major step:towards:the devélopment-of a more realistic
‘hydrodynamic-transport-model for semiconductors -which- includes nonparabolic 'band%;étruct;ife
effects. This model contains a much improved physical déscription-of device phenomena in
-nanostructures than:doec current drift diffusion:-based models while:it is much less:computer-
intensive than Monte Carlo-device ‘simulation models. Our approach has -been accepted for
publication-in the:Physical:Review-(see Section 2.3). This z=ction will:describethe details of the
new hydrogiynami¢%modci, wd compare the-results-with the Monte Carlo:method:

The model is:based -upon a,—mﬁque derivation-of the moments:of the Boltzman- transport
-equation for the collisionless case-(collisions:are introduced later): This derivation impjsments an
efficient and compact mathematical formalism appropriate for-electrons:under-the influence of-high.
electric fields and:nonstationary conditions. The theoretical-investigation alsosintroduces.a novel
distributional form; with nc‘)gparabdiic—propénics:,tp;;pre‘:ifsel_y define%ghefresulting'ndﬂ'pguaboijg":
transport parameters. The-final set-6f model:equations are exhibited-in=a-fashion to clearly-show
the:new factors-as corrections-to the mere-familiar hydiodynamic:model:applicable for the-constant
-effective mass-case: :Ih,—ac_i,@iition,:gsults,éﬁ an-extensive-investigation of theassumeéd- ansatz
described. g'I"he—Mon“fte—’Cz’;rljgr;t‘c;chniqi_x,é;was used to-generate comparison electron distributions-and-
exact valués-for-the:nonparabolic transport parameters-for stationary-and-nonstationary. elecironic:
structures. In-all-cases, excellent.agreemeiit-was- found- bétween. the Monte-Carlo calculated:
_parameters:and the-derived ronparabglic model terms. :ThcMjcii;tg;—iCariQc‘alc,ula’gijons,aléé.rcveal,cjgi
that-the ansatz distribution, represented-a significant-improvement over-itie more:familiar.displaced:
Mawellian;, Therefore, this:new model should prove very valuable for studying novel €lectronic
-device structures operating, under high bias conditions. 7

(a)- General:Moment Equations

Consider the-collisionless Boltzmann-transport-€quation:(BTE)-in-terms of -the phase-space
variables (7Kt} The developments presented here are independent-of the specific scattering
phénomenazwhich will be addresseddater. Hence, the BTE. is

/'g—{+ e Vrf+% 0VKf= 0 (B

where f{r.kt)is some:arbitrary-electron-distribution-function. Invoking the-cffective-mass:thcorem:
T38] (also called the-quasi-free-particle approximation [39]) for electron motion defines the-clectroi.
-momentum:as p =Akand-identifies-the:electron:group velocity as

1!
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“The driving fofce on thie election is-F-= dp/dtand the:final form of Eqg. (1):is established: '

The overall goalsis to-study moments:of the<BTE, fﬁq. (1),for thexcase: of nonparabolic
.conduction bands. Thus, the-first:step.is to-develop:a-general moment-equation. This is-achieved:
by muliiplying:Eq. (1):by an-arbitrary:vector:(or scalar) operator d(k).and:integrating with:respect:
;1o k-to obtain

[ o5, 2+ [ OueVefibher | 0F «Visheo 3)
By noting that:®-is-asfunction of k-alone-and invoking the assufﬁptionihat fapproaches zero.
gfapidly;fgh011gh;zin—thg’;’%ljmitsfszintcgiggion:sgCh:thzgt [ V:g(di_f)zﬁkzi_ssr‘lcgli gible. [A"(f)], one:obtains-
:the general moment equation-

S [0ik=T; o [ Guisies, o § 19 0
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in-termis:of -therdriving:forcesE; k-space-dependent:€lectron:velocity-u(k):and-an-arbitraryvector
nomeiit:operator ®(K). Equation-(4):represents:the:mathematical:form-réquiredsto-devélop-the
Tfonparabolic.conservation or:hydrodynamic-transportequatiors.

For:this-nonparabolic model, thesKane-ehergy-band dispersionisrelation[38)-for-nonparabolic:
‘bands vill be utilized: This relation-isigiven:by

e _
;f E(RJi(1 + OE(R)). ~ ©)

The specific cliviée of operators will- determing:whatzaverage:physical quantity-is conserved‘in each:
smoment:equation. -‘For:this work we-have chosen:the:following-operators for-use in:the genéralized:
{dmoment:equaiion, eqn::(4)-above.

oilk) = 1 (6)

GRS = lk) =75 @

m(k):

G, (k)= Ee (R)=— z_z K)-e-1i(k) 7 @)

where

m( K)-=-1m ,f Lo = o (9):

and




1 + OVE(K) ) o)

Es(K)-= ‘E(k)(l il

These moment operators are not the:standard ones traditionally-used:in the-development of-the
‘hydrodyfamic model. Their uniqueness-and significance are discussed.in detail:in-ref. 41.

By-applyin g 4(6);,(?7;), -and-(8) in (4);-the nonparabolic-hydrodynamic collisionless:transport
-equations for conservation of particles, average momentum and average-€nergy-in Lagrangian form
-are:

ot o -
a; = ——Vr (Tl'l/)! (1:1)

J: . F 1 - “ ,
51: =~ e Vy+—m—r V0 [Py, (12)

dw _ 1 ] )
| 5: =—veVaw+F ev=_V (v o [Py] + q) (13)

where;

n= thﬁﬁ (14).
no = [ulk)fik. (15)
= m;k) u(k) - u(k)fPk. (16)
o= [ .
2] =" [ (alk) — ) (ulk) = o) f&K) 18)
[2ul'= [ mlRlult) = o)ulk) — v)fdk. (19)
0= [22 ) — oputr— o o i) — o1 i (20)

Before-this system of equations cansbe applied-to-the study: of -clectron transport additional:
assumptions must be invoked to express:Eqs. (17) - (20):in terms.», vand . This mathematical
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closure entails thezuse of specific:fundamental physical propertics-to evaluate these:parameters.
Efforts have been made to express these parameters:in a mathematical:form which is as-compact.as

possible. ‘It is clear that thesintegral‘definitions consist primarily of térms involving-u(kjand:differ

from the definitions for-the-parabolic case-only by-the introduction-of the nonparabolic mass=m(k)

-and the specific-definition:of the-particle velocity-u(k). This property will'be utilized-in-the-next

section-to-develop-approximate expressions so that:this nonparabolic form of: the hydrodynamic

equations-may be-used to-study electron dynamics in:realistic:electronic structures.

(b)- Nonparabolic Transport Model
The.previous équations represent a general nonparabolic hydrodynamic:transport- model:for
electron ‘transport-in a single valley of GaAs. Additional assumptions -or relationships-are

necessary: to close the system of equations before they. can be -used to- describe transport
phenomenon.  Specifically, one must either ignore one-or more “higher -order terms. in-the
formulation- [42], have some:previous-knowledge for the-equations:of statc%[43;44]; or assume

some form-of the electron distribution function in-momentum:space [45]: These are-all acceptable
methods o,flsimpliﬂ_ca;iph and canlead to the.same unique-system of equations.

The use of a predefined distributional form is-often viewed as beéing more-restrictive andIess
general-than some-of the:previous:alternatives. Yet, many-derivations, which seek:to develop
models-applicable:for more generalized distributions, partially implément:closure relations with

properties:proven-true only for spécific-distributional forms. Extending-the-eleciron-transport
‘model in-this manner has nierit-and:leads to results- which are:more-physically-accurate. -However,

mixing assumptions in thi$ mannér can obscure regions-of validity for the complete model.
Defining asspecific.form of the distribution:function-is the- most complete-approach and easiest to
evaluate from both-a physical and:mathematical-point-of view. Therefore, this is the approach
considered-here.

The distribution-most frequently.chosen to-describe nonequilibrium transport phenomenon.is
the displaced Maxwellian-function. For the case of parabolic-conduction bands this-distribution
function, in momentum space, is [45]

FtmlK) = V72 "'V’-E 2mkgT, I

(ZTE;m 'I{,BT )

&

e

where Ky is-the Boltzmann-constant, 7T, is -the -temperature of the clectron gas representing the
spread of the distribution, and £sis:the displacement-from £:= 0.of the-Maxwellian distribution.
The-previous-distribution-ignores any affect thae Fermi-Dirac stuistics may have on the total
number of-available clectrons. Since this work is directed-toward transport-in-conduction-bands

and-itis-a-simple task to modify-the-normalization coefficient:to include thesesFermi-effects, they




e

will be‘ignored:throughout. This Maxwellian approach haSiEbcen—;gpplicd-‘z(}ftenfinifthc analysis of
such problems;:however, for-the case.of nonparabolic bands:Monte Carlo calculations indicate that:
Such a-distribution- leads to-a less than adequate treatment. of the transport parameters of the
‘hydrodynamic:model.

Inihis derivation-a unique-trcatment is proposed:for closing the-gencral:moment equations-for.
-electron transport in:GaAs. To af;i;:ulatef:’;h_c,basis of this approach,-consider:a form of the
-displaced Maxwellian:distribution %, (1) transformed into:velocity space:such that % (udu =
Fdm {k};f?[gor’spécifically, Fmlt) = UiV flw(K)). Here, the-inverse:function-u-(k)represents the-
function u!(k):= K = g(u) where gfu)is the:correct-mapping- from-momentum space to-velocity:
‘space. -Also, Jga is the-appropriate Jacobian-transformation [46] from momentum space to-velocity:
space. ‘Defining this-velocity-space distribution in such a manner-allows parametric definitions of
‘the form I = ji(f) famlkICK, similar toZEgs. (17) through (20);:to be-expressed in-velocity-space as-
I = Ji(u'l){k'})f!{m (i)Pu. Therefore, for the case-of parabolic ‘bands where -the relationship:
‘between- velocity space-and>momentum spéce is linear, u(k)=(Ak)/m" and 194\ = (m"/RP, this.
-corresponding displaced-Maxwellian distribution in-velocity space.is.

’ [ = (')’7)1
kT L 28T, I

where v-now reépresents-the avcmge'*z_iswelligris— the displacement:under consideration-in: velocity:
space. Both Eq..(21) and Eq. (22) are:symmeltric about their:displacements:within-their respective:
spaces and the.average velogity v is-equalto- (RKz)/m”; therefore, Eq. (22) does represent a:
completely consistent transformation of-Eq. (21) for thie case-of parabolic bands.

One would-expect:that,-under the:conditions of nonparabolic bands-where:the-cffective mass.

of the electron-depends on it’s precise location-in :the-.condiictionzband,.the use-of constant m”~

-would bé insufficient. Also, another dilemma-exists in defining a single temperature.of the electron:
gas since it hassbeen shown that-two distinctly.different temperatures tensors ‘Zy and T, occur for
the casc:of nonparabolic bands. Thus, stationary Monte Carlo calculationszand physical intuition:
suggests:the following-ansatz distribution.

.7_
Fm (-X',fl') T [y VT Tu— V1%
1 N = w af . arf ta - !
fnanpar{") =n exp

g, | #ily ]

(23)

as-a constitutivesrelation-to close the:moment-equations for-the case of nonparabolic cnergy-bands.
Here a single effectivestemperature %, is still-utilized. However, %, with a-distinct zosubscript,




‘has been:chosen-to replice T, because:(3/2)ka Ty, (here Ty, is defined fromdiégbnal clements of the
‘energy-pressure [7,,/)-approximates:the cffcctiVezgijcnnal:encrgj;»wdlfforzt,hé;Stationaryétfgnspon
-case atmoderate values:of average:energy. In-addition, my{v,T,,)has-beenzintroduced:because,
‘based:on:physical considerations,:wc:expect a-nonconstant-average: cfigcﬁié;mass which:should
-depend-strongly on the:spread or thermal cciponent-T;, of the-true electron distribution:and on the

displacement in velocity:space v. -

In applying Eq.-(23) to the integral-definitions:(14) - (20),:it.is correct:10-use Frompir (18470 =
Sronpar kK, since Fronpar Was postulated in velocity. space from:a distribution:which contained this
transfonﬁaji/on;propcr;f; ‘However,:the issue-of:transforming:between momentum and=velocity
space for:thie-case of nonparabolic:bands involves-very complicated nonlinéar transformations.
Thus, itis-instructive-to-Consider this:iSsue briefly. -Assume for:the moment that a correct:form for

" the distribution in-momentum -space-is known-and dcnou;ztﬁj’s.disu-ibmigin:as Suonpar-(k) To
preserve the-property Fuonpar (uhPu ;j’;@”(l&w&sg;ihat ransforming integral-definitions consists

just of inverting the ifk)in I = f4x(K) k. a new-nonlinear-transformation faCtOr, Jumpen-Such that

I ronpar{ ()= Umpnr ! f-axpur w ’(k)) (24)

issneeded: dn-Eq:.«(52),w!(k) =K =, glu)is assumed:to exist-andiio'be-a- smglc-valucd function-of

-u. This caribe shown:to’be true for-transformations:from- a finit€.region about:k-= 0 in momentum-

spaceto.a finite region about-u = 0in-velocity:spacei[47]).
For thé-case of -nonparabolic :bands, -defined by relation (5)- and..a: rcsulting -nonlincar

‘momentum:space velocity ufk) given: by Eq. (9), the:appropriate factor-is Tnonpér = JW
| 2vs 205 20, |
1 af ak_,, ok

Gl TS

L C(kb’c{ u«g, ClRkL |
C(f.lf,({ 1 +c{(f ”f{.@(, : 26)

h

‘where

wiere [46]
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The transform defined by Eq (26) is extremely compiex. Also, it is obvious that completing
the remaining determinate operation and performing the necessary functional substitution will
introduce cross-coupled real space transformation factors. Therefore, to gain more insight in this
investigation, the near equilibrium case will be considered where most of the electrons are near the

conduction band minimum. For this case the off-diagonal terms may be negiected and Eq. (26)
can be approximated to lowest order in £ to obtain

;p(-—(,—ﬁr@)f (28)

In order to proceed further, more information about the distribution in momentum space
appropriate for nonparabolic bands is necessary. The concept of a Maxwellian function [48],
where the distribution assumed is of the form (n/I,) exp/[—E(K)/(ksT,)] (where Iy is the
appropriate normalization factor), will now be applied to generate a test distribution in momentum
space to gain additional insight. Doing this and using the approximate deinition for electron
energy from Eq. (8) results in a simplified i"lustrative distribution, under displacement k4 of

n [—mK—Kkgu? K—K
fnonpar (k)= "[; 8’([{ 2k, (d}] .

Using Eq. (57) as a test function, the transformation Eq. (52) yields

(29)

o (] (€ — RDW2( (k— )
(u{
Tnonpar (u) = %;(_m_'u—ﬁ'—'_ﬁi exp 26yl (30)

where for this distribution w!(k)represents the function u-! (k)= = gl and u;,l {k)represents
>ome undefined function of the form u;,] (k)= k— ke =g (uv)

Examination of Eq. (30) reveals that the exponential argument is mc”ulated by a function,

.1
m(u, (K — Kg)), which resembles an effective mass term with velocity displacement dependence.

The simplified Fnonpar derived here does not exhibit the exact form of the ansatz distribution
function defined by Eq. (23). However, the previous analysis does lend theoretical support to the
idea of using the intuitively derived Fyonpar of Eq. (23) as a tool to investigate nonequilibrium
electron transport for the case of nonparabolic conduction bands. Indeed, later it will be shown
that this distributicn leads to excelleat results for nonequilibrium transport in nonparabolic
conduction bands.

Applying these relations and through much mathematical manipulation, the new collisionless
nonparabolic hydrodynamic transport model equations are:
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The details of the derivation are presented in'Ref. 41.

The nonparabolic model equations above have-been writtenzin a form so that for the parabolic

case, o = 0, it is easy to observe that | = v =w =1and ¢ = 0. Then the parabolic modek

conveniently reduces to the more-familiar classical hydrodynamic equations in-Lagrangian form, as
given by eqns. (11) — (20).

(¢) Scattering and Transport Model Parameter Evaluation

The nonparabolic hydrodynamic model derived in the last section ignored any specific form-of
scattering mechanisms. This was done primarily tosimplify the.analysis and to allow for a clear
focus on the transport parameters which evolve from the collisionless BTE for nonparabolic bands.
To evaluate the results of the previous section one could assume a form for the scattering
mechanism and then solve the resulting system of equations with appropriate boundary conditions
(The authors have performed such a study [50]). Results for electron current could then be-used to
judge the macroscopic feasibility of the new nonparabolic model. However, the issue of choosing
accurate forms for scattering terms is a complicated one and the specific-form has a large influence
on the results obtained. Therefore, a different initial approach will be followed. The specific
approach will be to calculate the resultant nonparabolic parameters m™*, [Py}, [Py] and q of the
hydrodynamic model for various structures using an elaborate Monte Carlo model. Since the
results of the previous section presented formulas for each of the model parameters in terms of
average velocity v and average encergy w, the values predicted-by these formulas can easily be




-compared to those from more elaborate-and detailed Monte Carlo model. Taking this approach will
give an excellent gauge of the accuracy of the terms of the model without :the possible errors
introduced by using incorrect forms for the loss mechanisms.

The first test applied was to generate the-electron-distribution and nonparabolic parameters,
directly from their integral definitions (17) - (20), for a time steady-state constant field structure
-over a variety of electric field values using Monte Carlo techniques. For these stationary
investigations, two independent Monte Carlo models were used to analyze electron-transport in
‘GaAs. Both of these models utilize single particle Monte Carlo procédures to improve
computational accuracy and eficiency. The models incorporate three valley analytical band
structures an¢ included all the significant scattering mechanisms with polar optical intervally
scattering. In addition, both models used the same material and physical parameters [51].

Under these stationary conditions, as can be observed directly from Egs. (11) - (13)-or
indirectly in Egs. {31) - (33), only the value of m"" will affect the final solution-for transport. This
is true because all the other terms are space differential in nature. However; as will -be shown,
these terms do have finite values which vary widely over the cases considered. Also, for these
conditions, all the displacement terms (terms of form oum” 1712 are found to be negligible). Hence,
this is an excellent test for the accuracy of the derived nonparabolic model parameters and their
dependence on energy- temperature 7. The test also reveals-how well 7, is determined- by -its
dependence on total kinetic energy, =, and the displacement kinetic energy term, (m'/2) 1v12. An
investigation into the true electron distribution is also very important since Fnonpar is instrumental
in determining the final formulas for the nonparabolic terms.

The results of these stationary investigations, with the two independent Model-Carlo models-in-
agreement, are presented in Figs. 1 - 4. Fig. 1 exhibits the resulting Monte Carlo generated
distribution, the ansatz distribution 7nonpar and the displaced Maxwellian distribution. ,,, along
the direction of applied field, in velocity space, for two values of electric field. Here, the Monte
Carlo distributions were obtained by sampling electrons which resided in-a slice of velocity volume
from the three dimensional velocity space. In-the calculations, a limiting velocity vg is used to
define the size of the slice in the directions other than that of the electric field. vs was chosen small
enough to clearly and accurately show the velocity distribution and large enough for a practical
simulation time.

Fig. 3 clearly indicates that the corrected electron distribution Fronpar is a distinct improvement
over  displaced Maxwellian. Using %, results in a general tendency, for any select average
velocity and energy, to overspread and place too many electrons in the tail of the distribution.
Conversely, the improved distribution %, onpar retains more clectrons closer to equilibrium. This
result seems correct for the situation of an energy dependent cffective particle mass (or
nonparabolic conduction band) and is verified by the Monte Carlo generated distributed.
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The stationary results for a variety of electric field values, corresponding to the nonparabolic
transport paraimeters, are-presented in Figs. 2 - 4.and are plotted verses:the average clectron energy
for each case. In each instance, the nonparabolic transport parameters predicted by: the
hydrodynamic model were calculated using the Monte Carlo values=for average velocity v and-
average energy w since they are fundamentally dependent on these variables.

In general, the predictions supplied by the nonparabolic parameter are in excellent agreement
with the results calculated by the Monte Carlo model. Fig. 2 shows that the values for the average
effective mass m** predicted by hydrodynamic model are essentially equal (less than 1 percent
difference) to those calculated by the Monte Carlo model up to 0.4eV. Fig. 5, which gives-both
the momentum pressure [Py):and the energy pressure [Py], clearly shows that these tensors are
approximated well by a diagonal matrix. Further, the diagonal elements for-both are in very good
agreement with the predictions made by the -hydrodynamic model. Finally, Fig. 4 shows the
-comparison between the hydrodynamic model’s values for the heat flow vector q and those
calculated by Monte Carlo. These results also agree very-well, which leads to a very important
point. The nonzero expression for the heat flow vector was derived here from first principles for
thé nonparabolic conduction band case. It also represents the first nonequilibrium analysis for
such a transport factor which is usually based on thermodynamics arguments. However, it should
also be noted that for highly nonstationary conditions this term may need to be determined by
higher moments of the BTE before it is accurate for transport simulations [52].

While the previous stationary results are very positive, they alone-are not sufficient to insure
the applicability of this new model to arbitrary electron device structures. Realistic device
structures, operating under moderately high biases, always contain regions where transport occurs
under nonstationary conditions. Hence, additional calculations were performed to detérmine the
accuracy of the nonparabolic model subject to-these conditions. The n* - n - n* ballistic diode, a
simple prototypical submicron structure which has been extensively studied [53], was chosen as a
test device.

A self-consistent ensemble Monte -Carlo model was used to calculate the nonparabolic
parameters for several strategically selected locations within this device as illustrated in Fig. 5.
Specifically, locations were selected which would exhibit different types of nonstationary
transport. At location (1) the electron gas is relatively cool with a low average energy, but, the
average velocity is slightly ballistic. Converse to this, at location (3) the average energy remains
high and the average velocity is low. Finally, location (2) represents a casc where both gas
parameters are elevated and are experiencing significant gradients.

The results of thesc nonstationary studies arc presented in  Figs. 6-9 where the various
transport parameters are plotied as a function of applied bias. Summarizing the results, the
transport parameters predicted by the hydrodynamic model are in very good agreement with e
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direct Monte Carlo calculations. In fact, the agreement for all parameters are within 10 percent for

‘the majority of the biases studied. In addition, -the difference only risés slightly higher to

approximately 20 percent (for the heat flow vector) at low biases where the accuracy of the Monte

‘Carlo statistics are-in question. The resuits agreed both qualitatively-and quantitatively-for all three

locations and at all biases. Hence, all the results indicate this new-nonparabolic hydrodynamic
model can-accurately approximate electron transport in realistic semiconductor devices.

(d) Conclusion

This section has presented a unique derivation for a new nonparabolic hydrodynamic transport
model. This new approach utilized novel moment operators to reveal simplifying assumptions.and
to arrive at more compact mathematical formulation. This formulation was then used to postulate
an improved ansatz distribution to close the moment equations and result in a model-and
nonparabolic transport parameters which accurately reflects transport of electrons in realistic
semiconductor conduction bands. When combined with appropriate dissipation terms. This
simplified model offers a.computationally efficient method to model electron conduction in
semiconductors. This type of model, which sacrifices some physical detail, leads to a more
manageable mathematical problem with the potential of rapid solution-generation using numerical
methods.

Additionally, this section presents an-extensive Monte Carlo based investigation into the
applicability of this new model. The model paramewers were tested in both stationary and

nonstationary environments. In both cases the resulis are excellent. Hence, this model should

prove instrumental in investigating novel electronic device structures. The model offers a method
to better approximate eleciron transport with the patential of faster simulation times as compared to
the more computationally intensive Monte Carlo technique.

2.2.3 Transport in Photoexcited Semiconductors

During the past four years, we have studied the transport of photoexcited carriers in
semiconductors. We have explored the use of Monte Carlo simulation as well as quantum
mechanical wave approaches to examine scattering effects and ballistic transport. The specific
device which we have chosen to explore is the GaAs metal-semiconductor-metal (MSM)
photodetector with a planar (low electrode capacitance) structure which is of interest for discrete
applications and optoelcctronic integrated circuits (OEICs).

Recently, based on the results of our Monte Carlo simulations (see refs. 46,47,54 and 56 n
Appendix A), Prof. Mourou’s rescarch group at the University of Michigan have achieved a
world-record GaAs detector performance. Using a MSM photodetector with 0.2 um finger




spacing, a power bandwidth of 325 GHz was obtained. In last year’s report, we predicted-that
such high bandwidths were-achievable if-parasitic effects could be minimized. The key toProf.
Mourou’s results was the use of low-temperature MBE-grown GaAs to-minimize the effects of
parasitic circuit elements and:hole transport delay times:

There are obvious benefits in fabricating MSM photodetectors on GaAs. The high electron-
velocity of GaAs (107cm/sec) allows one-to obtain high responsivity, and the relatively high-hole
velocity (3 x 106cm/sec) makes this device extremely attractive for high-speed applications.
Advances in GaAs device fabrication techniques -and process compatibility of the MSM
photodetector with existing IC processing are responsible for many applications of this device in its
discrete or monolithic versions. However, the GaAs photodetector can only -operate at
wavelengths below about 0:87 um. The range of wavelengths acceptable by this detector is
unfortunately incompatible with low loss:transmission minima or current state-of-the-art optical
fibers. The low-loss minima-of optical fibers at 1.3 um and 1.55 pm can-be used to advantage if
we investigate semiconductors such as InGaAs. This semiconductor has even higher electron
velocities than GaAs. However, holes in InGaAs move much more slowly than GaAs [54]. This
implies that the InGaAs detector will be slower than GaAs although it operates at longer
wavelengths. Although some tradeoffs will have to be made, there are interesting areas of
applications. for the InGaAs MSM -photodetector. This year, we have begun simulations-of
GalnAs photodetectors for use at longer wavelengths. The following section summarizes the
initial simulations of the InGaA's detector in an attempt to define its performance and limitations.

In Fig. 1 we show a schematic cross-section of an InGaAs MSM photodetector which we
have investigated. Compositions of three epitaxial layers are chosen such that there-is a perfect
lattice-match between these layers and the InP substrate. Thus, carrier trapping by defects created
by lattice mismatch can be minimized. Since we already know that collection of slow -holes
generated deep beneath the surface in InGaAs can ultimately determine the speed of this device,
the thickness of the active InGaAs layer is chosen tobe 1 um. There is a minor responsivity loss
associated with limiting the carrier generation depth to about 1 um. The doping densities of the
active layer and the two remaining layers are dictated by current progress in film growth
techniques. The donor doping densities of 5 x 10Mcm3 for InGaAs and 5 x 10!5c¢m-3 for InAlAs
are very close to current background densities of pure epitaxial layers grown by MOCVD. There
is no straightforward way to determine how thick the InAlAs barrier enhancing layer should be. A
semiconductor with a larger bandgap must be introduced between the InGaAs and the Schotiky
contact to lower the dark current. The thicker this barrier, the smaller will be the probability for
carrier tunneling through the barrier. Hence, the dark current will be smaller. However it is also
truc that a thicker barrier would tend to keep photogenerated carriers inside the InGaAs for longer
periods of time. Based on available experimental designs of InGaAs MSM photodetectors [55] we
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ghose'SO()A for the thickness of the InAlAs barrier enhancing-layer. ‘A separate study-will be
necessary-to determine the optimal barrier thickness. A sub-half micron:distance between:fingers
is chosen=since there are no known simulation results for-such devices. All present photodetectors
-are usually fabricated with i-3 pm distance between fingers. The:simulation technique employed
1in the present studies does not permit the simulation of:,'ibng devices due to a prohibitively long:
~zzvputation time: Therefore, the presented results are for a 0.2 pm detector.

The initial electron-hole pair-distribution in InGaAs is determined: by the finger spacing and:
‘wavelength of light. Since the spacing-between-fingers is smaller than the wavelength-of light,
there will-be a diffraction.pattern.formed in the interfinger area. We approximate this.pattern with a:
‘Gaussian-exponentially decaying with-depth as-shown in Fig. 2. The-exact pattern could be
-obtained from Maxwell’s equations. The-absorption coefﬁcient;for InGaAs used:in generating the
initial carrier pattern is 1.25 x 10%m-} [56]. The number of electron-hole pairs used in the
simulation is 2000. We.have performed simulations with:various:initial energies of electrons and

holes or, altematively various wavelengths of incident light.

The intrinsic-time response shown in-Fig. 3is obtained from simulations with a wavelength of
1.55.mm. Thus, the electrons are.gencrated with an initial energy-slightly:larger than the InGaAs.
bandgap. This curve displays similar features as the time-responses forGaAs detectors, except for
the change in time:scale. Since the initial results revealed-that it is-necessary to increase the bias
voltage to increase the detector speed,-this simulation-was performed-fora bias voltage of 1.4 V.
The InAlAs layer has been removed for these simulations. We seethat this device:is considerably
slower than the GaAs- device. As we have done for the GaAs -photodetectors, discrete and
monolithic versions of the-detector are introduced: By comparing the time responses of these two
versions of the photodetector, we notice only minor differences between:them. This behavior is
caused by a much slower intrinsic pulse.for InGaAs than for GaAs. We deal with a parasitic
circuit suitable for high frequencies, or suitable for generating short pulses;.excited by-a relatively.
slow current source. As a conscquence, we cannot take advantage of monolithic integration:of this-
device since reduction in-values of the parasitics does not have much influence on che response.
We see from Fig. 3 that it takes much-longer than 25 ps for the output voltage to-settle. The long
tail associated with heles causes the bandw;idth of the detector to decrease.

In Fig. 4 we show the- output power spectra of an InGaAs MSM photodetector. One commion
feature of all curves is that for frequencies up to about 100 GHz thiere is litle difference in output
power of intrinsic, discrete, and monolithic detectors. Consequenily the 3 dB bandwidih of 21.8
GHz for the intrinsic detector remains almost unchanged for the discrete-and monolithic versions.
We can make the following summary based on these initial results for the InGaAs MSM
photodetector. The device is useful for detection-of optical pulses at 1.55 pm. L 1s necessary to

optimize the thickness of the barrier enhancing layer (InAlAs) in order to lower the dark cusrent
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without significant detérioration of electron collection. Although the small distance between
fingers suggests possible use of small bias voltage, there is a speed deterioration associated with
small bias. In order to remove slow holes and increase the device speed we must increase the bias
voltage, which unfortunately, increases the dark current. The interdigitated pattern shows similar
responses for the discrete and monolithic detectors.

2.2.4 Study of Delta-doped FET Structures

(a) Monte Carlo Simulation of Delta-Doped HEMT Structures

As a promising candidate for ultra-high speed and microwave applications, delta-doped FET
structures are attracting considerable attention. By applying the delta-doping technique, devices
(such as MESFETs, AlGaAs/GaAs based HEMTs, pseudomorphic HEMTs, and HBTSs) can
achieve improved performances. These include enhanced threshold voltage control, reduced
trapping cffects, better breakdown characteristics, and (most importantly) increased conducting
channel electron density and more efficient utilization of introduced dopants. The resulting
expc nental devices show higher current drive capability, higher transconductance and higher
frequency performance. In spite of continuing experimental interests in delta-doped structures,
theoretical studies on these devices are rare and-mainly first order (either analytical model or by
drift-diffusion approximation). Theoretical study of electron transport properties in such structures
is necessary in order to understand the mechanism of device operation, to further improve
(optimize) device performance, and to exploit potential new device structures. During the past
year, we have performed a systematic study of the delta-doped HEMT structures. In particular, the

following issues are theoretically investigated for submicron AlGaAs/GaAs delta-doped HEMTSs
by ensemble Monte Carlo simulation:

+  Comparative study of delta-doped and uniformly doped HEMTs — First, we compared
the performances of experimentally available (from literature) submicron HEMTs and a
comparable uniformly-doped HEMT and investigated mechanisms for the enhanced
perform~ .ce of delta-doped HEMTs. To correctly simulate the operations of practical
devices, our Monte Carlo model includes the real-space transfer effect, the carrier
degeneracy effect, and influences of DX centers and surface states in addition to all the
scattering mechanisms (such as polar optical, intervalley, ionized impurity, electron-
electron scatterings). A two-dimensional, self consistent Poisson ec .- tion solver is
implemented in the program for accurately updating the electric field in the device. Our
results reveal that the improvement in electron confinement in conducting channel (as
shown in Fig. 1) and reduced peak channel electric field are the main reasons that produce.
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from 0 (B) to 0.2 (C) to 1.0 (E) while the surface state density is fixed to 8.0 x 1019 cm-2. (b) For
cases F, C, and G, the surface state density varies from 0 (F) to 8.0 x 1010 cm2(C) 10
2.0 x 1012 cm-2 while the DX center concentration ratio is fixed to 0.2.




reduced parallel conduction, higher electron drift velocity.and increased transconductance
for-the delta-doped HEMTs, especially at high (positive)-gate bias. We show in détail
how band bending in-the two structures changed the-electron occupations-in different
layers within the devices (that'is, top AlGaAs layer, charinel layer; and substrate layer).
Our simulation results also indicate that even thbiigh the delta-doped HEMT has less-total
AlGaAs doping than. uniformly doped HEMT for the same threshold voltage and
capacitance,-performance improvement for delta-doped HEMTS can-be realized due tothe
doping profile design. The advantage of delta-doped HEMTs over its uniformly doped
counterparts in terms of high-channel €lectron density, reduced parallel conduction in
AlGaAs layer, higher-current and transconductance are clearly demonstrated in this study.

Investigation of DX centers and surface states on delta-doped HEMTs — The roles of
DX centers and surface states associated with doped AlGaAs layer are studied in this
phase of our work. DX centers and surface states are believed to be the main
mechanisms that degrade performances of HEMT structures. We studied delta-doped
HEMTs under different defect situations (no defects, DX centers only, surface states
only, and both DX center and surface states) under different bias conditions. We
demonstrated that both DX centers and surface states indeed have negative effects on
delta-doped HEMTs and provided physical explanations for the performance
degradations. The analysis of bias dependence on the influences of. the two defect levels
indicates that the degrading effects are more significant with positive gate-to-source
voltage. We found that the reasons for the degradation under the presence of DX centers
and surface states are through reduced channel electron concentration, increased channel
electron intervalley scatting, and enhanced real-space transfer. For the individual role of
each defect state, we demonstrated that DX centers have more detrimental influence on

drain current and transconductance than the surface states for delta-doped HEMTS (as
shown in Fig. 2).

Simulation of doping profile variation on delta-doped HEMT performance — Since the
device improvements for delta-doped HEMTs result from the delta-doping, variation in
the doping profile will play an important role on device performance optimization. We
focused our study on the doping profile influence in this work. Various doping situations
are studied. Specifically, we varied: a) the (AlGaAs) peak doping concentration and
doping layer thickness (single delta-doped HEMTs) under constant threshold voltage
conditions; and b) the spacing between two delta-doped layers for double delta-doped
HEMT structures with identical total doping in the AlGaAs layer. Although the studied
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double delta-doped HEMT are experimentally unavailable, theoretical simulation-of this
device is both necessary and important to predict their performances and potential
problems. Theoretical study of this new structure.can provide valuable guidance for
device design, fabrication, and:characterization. In this work, device perforniances in
terms of threshold voltage sensitivity, current drive, transconductance, cut-off frequency,.
and characteristic switching time are examined. Our simulation results show that: ) For-
single delta-doped HEMTs with identical threshold voltages, the thinner the doped layer
(with more heavily-doped concentration), the better the overall device performance. 2)
For double delta-doped HEMTs with an identical total doping in the AlGaAs layer, an-
increase in the spacing between two deltz-doped layers leads to improved threshold
voltage design but causes-a slight degradation in transconductance, cut-off frequency, and
switching time. As the gate bias increases, this degradation becomes less pronounced
due to the higher “onset” of parallel conduction (for the structures with a larger .§pacing
between the delta-doped layers).

(b) Analysis of Submicron Delta-Doped GaAs MESFETs

Efforts to achieve high speed and high frequency has led to continued efforts to develop novel
device structures. One of the most promising structures is the MESFET which employs the delta-
doping technique. Delta-doped GaAs MESFETs based on MBE and MOCVD materials have been
investigated experimentally by several research-groups. The results, while promising, show a
wide diversity. The reported maximum transconductance for 0.5 um channel-length delta-doped
MESFETs, for example, range from 75 mS/mm to 400 mS/mm (as provided by both simulation
and experimental device measurement in this work). Studies show that maximum intrinsic
transconductance of the delta-doped MESFET is higher than that of comparable HEMT in the
channel length range of 0.1 to 2.0 um. Differences between experimental results and theoretical
predictions may stem from material properties and processing conditions. On the other hand,
design and optimization of such devices play an important role in the improvement of device
performance. It is of practical importance to identify the key parameters for optimized device
performances and to establish trade-offs needed for specific applications. It is obvious that a
comprehensive study is required to investigate the influences of delta-doped MESFET parameters
on performance and provide useful design guide.

In this work, we used a two-dimensional, drift-diffusion model to simulate the electrical
characteristics of submicron delta-doped GaAs MESFETSs. Poisson and electron current continuity
equations were solved self-consistently and an analytical velocity-field relation which accounts for
the velocity overshoot was employed. The results were compared with experimental
measurements and showed very good agreement. Material parameters are based on the results




from delta-doped MBE materials provided by Dr. Bedair’s group in the NCSU Electrical and
-Computer Engineering department. The device results were from’DC measurement.data provided
by Texas-Instruments based on the above materials. In this:work, we studied the followingissues:

+  Delta-doping profile — We used-a Gaussian distribution to approximate the actual-doping
concentration profile. Simulation of devices with-0:5 pm channel:length gives very good
agreement with fabricated experimental devices. For delta-doping profile simulation, we
first simulated delta-doped MESFETs with different peak delta-doping concentrations and
half width at half-maximum (HWHM) under-constant threshold voltage; then the
influence of the gate-to-channel distance was studied. 'We show that steeper doping
profiles (i.e., high peak concentration-and small’HWHM of delta-doping) and a short
gate-channel distance are preferred for improvement in transconductance. Current drive
capability is increased for devices with steeper doping profile, but is decreased for
devices with short gate-to-channel distance (due to the upward shift of threshold voltage
as indicated by experimental results).

+  Top layer background doping — We demonstrate in this work that a trade-off should be
made in the design of the top layer background doping. Calculations show that
significant increase in current drive-(~ 200%) can be obtained at a low cost of slightly
reduced transconductance (~ 10%) for devices using a relatively high top layer doping
concentration (up:-to 20% of the peak delta-doping). The threshold voltage shift with
respect to gate-to-channel distance for MESFETSs with higher top layer background
doping is considerably higher in absolute value but considerably lower in relative change
when compared to a ‘true’ delta-doped device (with unintentional top layer background
doping).

+  Device lateral feature size — We performed scaling simulations for device lateral feature
size. The result show that reducing the lateral features sizes (both channel length and
source-to-drain spacing) brings improved transconductance, current drive capability, and
cut-off frequency. For devices with identical channel length, a self-aligned structure is
preferred in order to obtain minimum source-to-drain spacing. The improvement -
obtained by reducing the gate length is shown to be more profound than that achieved by
reducing the source-to-drain spacing. Simulation results show that the main reason for™~__
the improvement is realized from an increase in average electron drift velocity along the ~

device channel with reduced feature sizes.




22 1dv of a Novel Heterojunction Real-Space Transfer Logic Transistor (RSTLT

In this section, we report very preliminary results for a new heterojunction logic device. This
device is called the real-space transfer logic transistor (RSTLT). These results will be presented at
the International Electron Devices Meeting (IEDM) which will be held in Washington, DC, during
December 8-11, 1991. The device structure consists of a GaAs channel which is sandwiched
between two AlGaAs barrier layers. It has four-terminals for operation - a source, drain, and two
collectors. The drain terminal is the signal input and the logic operation is provided at the two
collectors. The basic structure realizes NOT and EQUIVALENT logic operations, and
NAND/NOR operation can be achieved with two of the devices. A conservative estimate of the
switching speed is approximately 3 psec total propogation delay. This estimate is based on self-
consistent two-dimensional (ensemble) transient Monte Carlo simulations. The operation of the
device is based on the principle that the spatial location for real-space transfer can be controlled by
an input signal which steers current flow under one or both of the collector terminals. Thus, to
perform logic operations, the carriers do not have to traverse the comple_e length of the channel.
The principal speed limitation is determined by the rate of real-space transfer in the device.

The principles of operation and further discussion of device properties will be presented in a
forthcoming paper.

2.3 Publications and Presentations

The funds for this program did not arrive at the University until March 1991. Thus, we have
been working on the current contract for slightly more than seven months. However, during the
last year we have made -six oral presentations at national and internatioral conferences. Also,
twelve written manuscripts have been published in the refereed literature. In addition, six other
manuscripts have been accepted for publication and five manuscripts have been submitted or are
currently in preparation. The following paragraphs summarize the presentations and publications
made under this program during the last year, and include material not previously reported to ONR
in the last renewal proposal as well as material which was accepted for publication in 1990 and has
since been published in 1991.

A. Conference Presentations and Seminars

K.W. Kim, M.A. Stroscio and J.C. Hall, “Frequencies of Confined Longitudinal-Optical Phonon
Modes in Short-Period Strained Semiconductor Superlattices,” presented at the SPIE International




Symposium on Optical and Optoelectronic Applied Science and Engineering, San Diego, CA, July
1990.

W.C. Koscielniak, M.A. Littlejohn and J.L. Pelouard, “Physical Speed Limits of Metal-
Semiconductor-Metal Photodetectors,” presented at the 17th International Symposium on Gallium
Arsenide and Related Compounds, Jersey, Channel Islands, 24-27 September 1990.

M.A. Stroscio, K.W. Kim and M.A. Littlejohn, “Theory of Optical-Phonon Interactions in a
Rectangular Quantum Wire,” presented at the SPIE International Conference on Physical Concepts
of Materials for Novel Optoelectronic Device Applications II: Device Physics and Applications,
Aachen, Federal Republic of Germany, October 1990.

M.A. Stroscio, G.J. Iafrate, K.W. Kim, M.A. Littlejohn, H. Gronkin and G. Maracus.
“Transition from LO-Phonon Scattering to SO-Phonon Scaitering in Polar Semiconductor
Superlattices,” presented at the Workshop on Compound Semiconductor Microwave Materials and
Devices, Fort Lauderdale, FL, February 1991.

M.A. Stroscio, K.W. Kim and Amit Bhatt, “Electron-Optical-Phonon Scattering Rates in
Rectangular Quantum Wire,” presented at the Annual March Meeting of the American Physical
Society, St. Louis, MO, March 1991.

D.L. Woolard, R.J. Trew and M.A. Littlejohn, “Effect of Contacts on Transit Time and Velocity

Overshoot in GaAs n*-n-n* Structures,” presented at the Workshop on Compound Semiconductor
Microwave Materials and Devices, Fort Lauderdale, FL, February 1991.

(B) Refereed Publications, Papers Accepted for Publication and Papers Submitted or in
Preparation

K.W. Kim, M.A. Stroscio, and J.C. Hall, “Frequencies of Confined Longitudinal-Optical Phonon
Modes in Short-Period Strained Semiconductor Superlattices,” Proceedings of the SPIE

International Symposium on Optical & Optoelectronic Applied Science and Engineering, 1336, 43
(1990).

M.A. Stroscio, K.W. Kim, and J.C. Hall, “Variation in Frequencies of Confined Longitudinal-
Optical Phonon Modes due to Changes in the Effective Force Constants Near Heterojunction
Interfaces,” Superlattices and Microstructures, 7, 115 (1990).

M.A. Littlejohn, J.L. Pelouard, W.C. Koscielniak and D.L. Woolard, “Device Simulation
Augmented by the Monte Carlo Method,” Computational Electronics: Semiconductor Transport
and Device Simulation, K. Hess, J.P. LeBurton and U. Ravaioli, eds., Kluwer Academic
Publishers, pp. 69-75, 1991.

D.L. Woolard, M.A. Stroscio, M.A. Littlejohn, R.J. Trew and H.L. Grubin, “A New Non-
parabolic Hydrodynamic Transport Model with Quantum Corrections,” Computational Electronics:

Semiconductor Transport and Device Simulation, K. Hess, J.P. LeBurton and U. Ravaioli, eds.,
Kluwer Academic Publishers, pp. 59-62, 1991.

W.C. Koscielniak, M.A. Littlejohn and J.L. Pelouard, “Physical Speed Limits of Metal-
Semiconductor-Metal Photodetectors,” Gallium Arsenide and Related Compounds 1990, Institute
of Physics Conference Series No. 112, K.E. Singer, editor, Institute of Physics, New York, 112,
613 (1990).

M.A. Stroscio, K.W. Kim, M.A. Littlejohn and H. Chuang, “Polarization Eigenvectors of
Surface-Optical Phonon Modes in a Rectangular Quantum Wire,” Phys. Rev. B, 42, 1488 (1990).




H. Tian, K.W. Kim and M.A. Littlejohn, “Influence of DX-Centers and Surface States on Delta-
Doped High-Electron Mobility Transistor Performance,” J. Appl. Phys., 69, 4123 (1991).

M.A. Stroscio, K.W. Kim and M.A. Littlejohn, “Theory of Optical Phonon Interactions in a

Rectangular Quamum Wire,” Proceedings of the International Society of Optical Engineering,
1362, 566 (1991).

K.W. Kim, H. Tian, and M.A. Littlejohn, “Analysis of Delta-Doped and Uniformly-Doped
HEMTs by Ensemble Monte Carlo Simulation,” IEEE Trans. Electron Devices, ED-38, 1737
(1991).

L.F. Register, M.A. Stroscio and M.A. Littlejohn, “Constraints on the Polar Optical-Phonon
Influence Functional in Heterostructures,” Phys. Rev. B, 44, 3850 (1991).

M.A. Stroscio, G.J. Iafrate, K.W. Kim, M.A. Littlejohn, H. Gronkm, and G. Maracus,
“Transition from LO Phonon Scattering to SO Phonon Scattering in Polar Semiconductor
Superlattices,” Appl. Phys. Lett., 59, 1093 (1991).

L.F. Register, M A. Littlejohn and M.A. Stroscio, “Path-Integral Monte Carlo Calculation of Real
Self-Energies of Free and Confined Carriers,” accepted for publication in Superlattices and
Microstructures, 1991.

D.L. Woolard, H. Tian, M.A. Littlejohn, R 1. Trew and K.W. Kim, “The Application of Monte
Carlo Techniques in Advanced Hydrodynamic Transport Models,” Monte Carlo Device

Simulation: Full Band and Beyond, K. Hess, ed., Kluwer Academic Pubhshers, Boston, MA,
1991

D.L. Woolard, H. Tian, R.J. Trew, M.A. Littlejohn and K.W. Kim, “A New Non-parabolic

Hydrodynamic Model for Electron Transport in Semiconductors, accepted for publication in Phys.
Rev. B.

H. Tian, K.W. Kim and M.A. Littlejohn, “An Investigation of Doping Profile Variations on
AlGaAs/GaAs High Electron Mobility Transistor Performance,” accepted for publication in J.
Appl. Phys.

D.L. Woolard, R.J. Trew and M.A. Littlejohn, “Effect of Contact Regions on Transit Time and

Velocity Overshoot in GaAs n*-n-n* Structures, submitted to IEEE Trans. on Microwave Theory
and Techniques.

D.L. Woolard, M.A. Littlejohn and R.J. Trew, “Impact of K-Space Transfer and Band

Nonparabolicity on Velocity Overshoot in a GaAs Ballistic Diode,” accepted for publication in
Semicond. Sci. Technol.

K.W. Kim, M.A. Littlejohn, M.A. Stroscio and G.J. Iafrate. “Transition from LO-Phonon to SO-
Phonon Scattering in Mesoscale Structures,” accepted tor publication in Semicond. Sci. Technol.

H. Tian, K.W. Kim, and M.A. Littlejohn, “Ensemble Monte Carlo Study of A Novel

Heterojunction Real-Space Transfer Logic Transistor (RSTLT),” accepted for publication in IEDM
Technical Digest.

H. Tian, K.W. Kim, M.A. Littlejohn, S.M. Bedair and L. Witkowski, “Two-Dimensional
Analysis of Short-Channel Delta-Doped GaAs MESFETSs,” submitted to IEEE Trans. on Elcctron
Devices.




D.L. Woolard, M.A. Littlejohn and R.J. Trew, “The Role of Band Non-parabolicity in Negative
Differential Conductivity of GaAs FETs,” to be submitted to IEEE Trans.

W.C. Koscielniak, M.A. Littlejohn and J.L. Pelouard, “Performance Limitations of Metal-
Semiconductor-Metal Photodetectors,” to be submitted to the Journal-of Optical and Quantum
Electronics.

W.C. Koscielniak, M.A. Littlejohn and J.L. Pelouard, “Simulation of an InGaAs/InAlAs MSM
Photodetector,” to be submitted to Electronics Letters.
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4.0 PERSONNEL

Two faculty members in the Electrical and Computer Enginecring Department at N.C. 2.7,
University have been supported by this program. These faculty members are Dr. M.A. Littlejoin
and Dr. K.W. Kim. Dr. Kim joined the NCSU faculty in August, 1988 after completing his
Ph.D. degree + the University of Illinois under the direction of Prof. Karl Hess. We have also
continued our strong interactions with Drs. M.A. Stroscio and G.J. Iafrate of the U.S. Army
Research Office. These interactions are very important as our research moves more in the direction
of quantum transport in mesoscopic systems. We are currently recruiting an additional Visiting
Research Assistant Professor who will be involved in this research. In particular, we want to hire
an individual with experience in band structure calculations who can contribute to our work in
transport theory. Drs. Littlejohn and Kim serve as co-principal investigators on this research
effort. Their resumes are given in Appendix C. They are responsible for day-to-day management
and direction of the research program aspects. Three graduate students have been involved in this
work and we plan to add a fourth student during the next spring who will pick up some of the

work now being conducted by a Ph.D. student who began writing his doctoral dissertation this
spring.
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ABSTRACT

The theories describing the dispersion of longitudinal-optical (LO) phonon
modes and electron--LO-phonon interactions are generalized to include the effects
of both gtrain and confinement in semiconductor superlattices and semiconductor
microstructures. In particular, the effects of strain and confinement on LO
phonon frequencles are analyzed for short-period strained—~layer superlattices as
well ag for semiconductor microstructures where effective force constants are
altered near heterojunction interfaces.

1. INTRODUCTION

Confined phonons in semiconductor heterostructures have recently been the
subject of both theoretical and experimental invastigations. These efforts are
due, in part, to the fact that scattering by the longitudinal-optical (LO) phonoa
modes 1s an impOftanc energy loss mechanism for a wide variety of III-V semicon—
ductor devices. Raman scattering measurements have been used to study the
properties of phonon modes in quantum wells and superlattices. 8 In particular,
binary GaAs/AlAs superlattices have been experimenrally invescigated mcsc
extengively due to the simplicity in analysif_écompared tc tenary GaAs/AlGaAs
superlattices) and the material familiaricy. It is well known that phonon
modes in the acoustic branch are propagative across the_heterojunctions and, as
a result, are "folded" into the reduced Brillouin zone,“ while the modes in the
optical branch are "lgcalized" in each layer leading to descriptions of confined
modes or slab modes. Furthermore, the localizarion of %Ponon mnodes near the_
heterojunctions leads to the well-known interface modes. In addficion it is
suggested that the Raman frequency shifcts for confined LC-phonon wmodes can be
used as a means to determine, the bulk phonon dispersion reiation (i.e., the
equivalent gave-veccor model)a and as a probe o characterize the quality of
interfaces. Frequency shifts due to confinement have been anslyzed ctheo-
retically as well; the results obtalned by a simple linear-chain model show ?
remarkable agreement with experimental data except in monolayer superlattices.
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A linear-chain model with variable force constants for the couplings at heterojunc-
tions is used 1o calculate the spectrum of confined longitudinal-optical (LO) phonon fre-
quencies in a short-period strained-layer superlautice. Even for the casc of a superlatuce
with only two atomic monoclayers in cach superlattice layer, it is demonstrated that the
frequencies of confined LO-phonon modes are only weakly dependent on vaniations in

interfacial force constants.

1. Introduction

Phonons in semiconductor heterostructures have
received much auention. These efforts are due, in pan, to
the fact that scattering by the longitudinal-optical (LO)
phonon modes is an bupornans energy loss mechanism for
clectrons in a wide varicty of -V semiconductor dev-
ices.) In addition, Ramun scattering measurements have
been applicd to study the propertics of phonon modes in
quantum wells and superlattices. 8 Recently, Ruman
spectra have been used to characterize monolayer varia-
tions in the thicknesses of quantum wells.® In the analysis
and mtespretation of Raman data for confined LO-phonun
modes, it is convenient to model the confined LO modes
as modes in a uniform isolated dielectric slab3~!" Such
an approximate model is based on the assumption that
atomic force consfants at heterojunction interfaces are
identical with those of the bulk or of uniform pscu.
domorphic layers. In this paper, the cffect of varying
force constats at the heterejunction interfaces of a
steumned-layer, shont-period superlutiice is analyzed by
usmng a hncar-cham madel to detenmine the corresponding
changes e frequencies of the confined LO phonon
modes o the studies reported herein, a superlattice with
only two atomit monolayers in cach superlatiiee tayer 1
modeled in order to detennine the impostance of peruiba
tons in heterojunction mterface force constants fur 4 sys-
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tem where such effects should be Jurge. In pasticular, fre-
quencies of confined LO-phonon modes are determined
for a GaAs/GaP short-period superlattice with two monv-
layers per superlattice layer. 1t is found that varying inter-
fucial force constants by values as extreme as 10% results
in only abouwt a 2% change tn the frequencies of the
confined LO-phonon modes. As a practicad maiter,
changes in the frequencies of confined LO-phonon mudes
will generally be considerably less than 2% since m most
supedlattices and quantum wells the ratto of the number of
bonds at interfaces to the pumber of bonds removed trom
interfuaces is fess than for the two-monolayer per layer vase
examined herein.

2. Linear-Chain Maodel
with Variable Interfucial Force Conskanits

In order 10 mtroduce the basic properties of the
linear-chain medel used in this andysis, we will consiler
wittadly the case where mterfuce ctfects ure absent.
Figute | depits o sehicmatic tor the ncar-chans sysiem
wsed 10 study the qole of force-comtant vartions
hetcropmenion mterfaces, The 2 aas 15 chosen as the
growth dneenon ot the lattice  Hence, for the hongitudinal
mades of uterzst, the stomie displacements are m the 2
ditecson I the absenee of steam, the force constant m
cah layer 15 estumated based on the frequencies vl the
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DEVICE SIMULATION AUGMENTED BY
THE MONTE CARLO METHOD®

M. A. Liulejohnt, J. L. Pelovardi ¥, W. C. Koscielniak and D. L. Woolard
Electrical and Computer Enginecring Department
North Carolina State University
Raleigh, NC 27695-7911

Abstract - This paper describes applications which combine Monte Carlo methods
with other techniques 10 model semiconductor devices. These procedures can produce
more effective means 1o describe the behavior of device structures requiring detailed
physical descriptions and increased computational efficiency. Applications presented
in this paper include: (a) simulation of transport across hetero-barriers with quasi-
ballisiic effects; (b) simulation of metal-semiconductor-metal photodetectors in which
parasitic circuit effects are important; and (c) generation of transport parameters for
use in drift-diffusion (and hydrodynamic) models while negating assumptions about
the nature of the particle velocity distribution function.

1. Introduction

The Monte Carlo methed is a versatile numerical technique for studying
semiconductor materials and devices_(1-4}. It provides mechanisms for including
detailed physics of particle transport through solid state materials, especially the
clectron-phonon intcraction and other scattering processes, realistic cnaergy band
structure, and temporal- and spatial-dependent parameters. Steady-state and transient
propertics arc accessible with the Monte Carlo method. Realistic boundary
conditions can be imposed which allow simulation of a varicty of device structures,
In principle, when coupled with a self-consisient numerical solver for Poisson’s
equation, the Monte Carlo mecthod permits one 10 explore the propertics of realistic
two- and three-dimensional semiconductor devices with detail and precision.
However, as more physical effects are included, as spatial dimensions decrease toward
the quantum limit, and as luctuation phenomena become more important,
limiwations to the Montc Carlo method become prohibitive for device simulations.
In general, this limitation first manifests itself through requirements for increased
computational resources and improved numerical algorithms.

The Monte Carlo method generates exact numerical solutions to the Boltzimann
transport equation by stochastically tracking particle movements in phase space [2].
While usc of numerical estimators yicld paramcters of physical interest (e.g., drift
velocity), the fundamental quantity obtained from the simulation is the particle phase
space distribution function. In this paper, we will discuss ways in which distribution
function information obtained from Monte Carlo simulations can be used 1 augment
the study of device behavior using other simuladon methods.

2. Quasi-Ballistic Transport Across Hetero-Barriers

The distribution function experiences fundamental changes when an ensemble of
carriers passes through an abrupt potential barricr. By imposing contununty of total
particle encrgy and the paraltel component of wive vector, there are two impaortant
consequences on the velocity distribution funciion.  First, the normal component of
the velocity vector is shifted 1o high positive valoes by an amount cqual to the
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A NEW NONPARABOLIC HYDRODYNAMIC
MODEL WITH QUANTUM CORRECTIONS

D. L. Woolard{e}, M, A, Strosciol®), M. A. Littlejohn{2®),
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(3)Y.S. Army Research Office
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(c)Scientific Research Associates Inc.
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Abstract - This paper presenls ¢ new hydrodynamic transport model with non-
parabolic conduction bands and quantum correction lerms. For the first time
solutions for the full quantium bulance equations, applied to en ultrasmall elec-
tron device, are presented.

1. Introduction

Requirements for faster electronics have produced smaller devices influenced by
quantum intesference effects which can not be modeled by classical theory. These
devices operate under nonequilibrium conditicns where the average carrier energy
reaches many times its equilibrium value. To address these problems several ap-
proaches [1] have been considered. This paper describes a preliminary investigation
into solutions for electron density, average velocity and average energy for an ultra-
small electronic structure under the conditions of nonclassical electron transport,
using an approach previously described as quantum hydrodynamics {2].

2. The Nouparabolic Model

First, we present a brief summary of a unique form of the hydrodynamic transport
model applicable to nonparabolic corduction bands. A complete description of this
3 model will be formalized elsewhere [3]. Our hydrodynamic model was developed

by studying moments of the Boltzmann transport equation [4]. This process was

achieved using the moment operators ¥y = 1, ¥; = u(k) = m%’i) and ¥y =

Lm(k)u(k) - u(k) = E.(k). Heze. the Kane dispersion relation, L TR

2

a ;). has been used to define u(k) and m(k) = w” \["l + 3”;?:!(-3 These monment
opcrators were chosen because they lead to a form which can be manipulated
more casily and one in which simplifying approximations can be scen more cleorly
Performing the moment process and simplying to first arder yields immediately the
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Physical speed limits of metal-semiconductor-metal photodetectors

W. C. Koscielniak, M. A. Littlejohn and J.-L. Pelouard®
Depariment of Elecuical and Computer Engineering
North Carolina Sizte University
Raleigh, NC 27695-7911 USA

Metal-semiconductor-metal (MSM) photodeiectors are of interest for integrated
optoclectronic circuits {OEICs) and other discrete circuit applications because this very high-
speed device can be fabricated using conventional GuAs integrated circuit technology. The
typical configuration of such a photodetector consists of two interdigitated Schotiky electrodes
patterned on the semiconductor surface. The fastest MSAM detector has an intrinsic bandwidth
of 105 GHz, which compares well with bandwidths of other Schottky photodiodes. The
potendal to achieve even larger bandwidths appears (6 be quite promising.

We have performed simulations of intrinsic detectors and obtained time responses for
devices with interfinger spacings between 0.1-1 ym. A self-consistent ensemble Monte Cazlo
simulation method was employed to study electron and hole transport under low illumination
intensity. The Monte Carlo method provides mechanisms for including detiled physics of
carrier transport, especially the clectron-phonon interaction and other scattering processes,
realistic energy band structure, and temporal- and spatial-dependent parameters. Realistic
boundary conditions are imposed and.the utilization of a self-consistent numerical solver for
Poisson’s cquation permits us to simulate realistic onc- and (wo-dimensionzl structures with
derail and precision. In addition, the time-dependent Schrddinger equation is solved for the
detector with 0.1 ym distance between fingers under an assumpiion of collisionless currier
transport, and a comparison between the two different methods is made. The devices are
dominated by stationary hot electron and hole vunsport.

A parasitic circuit is introduced 1o more closely model realistic devices. The intrinsic
responses are used in a circuit simulator to obiain the tine responses of photedeteciors duc to
excitation by a very short optical pulse. The speciral power density is calculated using u fast
Fourier transform (FFT) to predict the bandwidth of intrinsic and extrinsic photodetectors,
This simulation technigue is shown to yield good agreemicnt with published experimental duta
for a GaAs photodetector.

For GaAs MSM photodetectors, we predict that bandwidths in exvess of 150 GHz can be
achieved for devices with 0.1-0.2 pm interfinger spacing. The parasitic cffeets of the contact
patiern arc critical in the performance of such short devices, and further optimization of the
interfinger coplanar ransmission line could result in even higher bandwidihs. The role of the
transient responsc of holes on the intrinsic and extrinsic photodetector response and bundwidih
will be discussed. Results are also presented for InAIAS/TnGaAs/InP MSM photodetectors.
These devices operate at longer wavelengths than GuAs MSM photedetectors, and are thought
to provide potential for high-speed near-infrared transceivers. Our results predict that hole
transport and transient response limit the bandwidih achicviuble with this matenial system to
about 25 GHz for MSM photodetectors with 0.2 pun interfinger spacing and current contact
design grometrics.

"* Current Address:  Labortoire de Microstructures et de Microéleetronique (CNRS), 0
Ave Henri Ravér, 92220 Bagneux, France,




Polarization eigenvectors of surface-optical phonon-modes in a rectangular quantum. wire
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The polarization cigenvectors and dispersion relations-for confined longitudinal-optical {(LO)
and surface-optical (SO) phonon modes in a rectangular quanium. wire are-derived within the
continuum approximation. The SO and confined LO modes are compared -for a2 quantum wire
with a3 square cross scction in the limit of a vanishing phonon wave vector along the quantum-wire
axis. For this casc, it is demonstrated that the SO mede becomes dominant over the contined LO
modes in interaction with clectrons and must be taken into 2ccount in coleulating the

clectron-optical-phonon scattering rate.

Epitaxial techniques for the growth of compound-
semiconductor structures have advanced to the level
where it is possible to fabricate wire-like regions of low-
band-gap semiconductor material surrounded completely
by regions of higher-band-zap semiconducior material. In
pasticuler, such wire-like structures have been realized
with rectangular cross sections having small dimensions
relative te the thermal de Broglic wavelength.! In these
structures the electron-optical-phonon scattering rate is
affected not oniy by changes in the ¢'ectron wave function
due to the confining rectangular potential but also by
changes in the longitudinal-optica! ¢.0) phonon modes
caused by phonon confinement. Fas-._ e: al.* have recently
przsented striking cxperimenta! evidence of phonon
confinement. Size effects on the total scattering rates for
polar-optical-phonon scattering of onc-dimeasional (1D)
clectron guases .n quaeatum wires and two-dimensionel
(2D) clectron gases in quantum wells have been evaluated
previously by Leburton.? Recently, Leburton's treatment
of 1D clectron~-LO-phonon scattering was extended by re-
placing bulk LO-phonon modes with the cosfined LO-
modes of a quantum wire.® The scatizring rate caicula-
tions of Ref. 4 included conifined LO-phonon modes of a
rectangular wire and neglected electron scattering due to
the surface-optical (SO) phonon modes at the quantum-
wire boundaries. In this Rapid Communication, the
confincd LO- and SO-phonon modes are derived for a rec-
tangular quantum wire. In the limit of small (phonon)
wave vectors along the quantum-wire axis, it is shown that
the contribution of clectron-SO-phonon scattering to the
ground-state clectron-LO-phonon scattering rate be-
comes significant and cannot be neglected compared to
the contribution by the confined LO-phonon modes.

Since ihe carly work of Fuchs and Klicwer,*® the
cliects of coninement on LO-phonon .nudes have been
studied theoretically by a numnber of authors for the case
of phonon conlinement 1n a4 quantum well.” ™ Only re-

cently have confined LO-phonon modes been studied in
more complex structures such as quantum wires® and
strained-fayer short-period superlattices.'®!! In this
study, the polarization cigenvectors for the confined LO-
phonon and the SO-phoncn modes of a quantum wire sur-
rounded by a medium with unity diclectric constant are
derived in the continsum-zpproximation.®**~? For pho-
aon wavelengths long compared with the lattice constant,
continuum models are expected to be valid®” ? and the re-
sults of such models agree well with those of microscopic
models.'? The quantem wire is taken to have a diclectric
constant ¢z, and to be bounded by =L, /22nd £L./2in
the y and = directions, respectively. The regiea surround-
ing the quantum wire 1s taken to have a diclectric constant
¢ (=1). The contined LO-phonon mudes for such a
quantum wire have been given previousiy.*

Since this sysiem is translasionally invariant in the 1
direction, the potential Jdescribing the uptival-phunon
modes may be teken s

o(r) =d(y,2)e ", (1)

where k. 1s the phonon wave vector ia the x direction. In
the absence of any free charge, the divergence of the dis-
placement vector must vanish and it follows that the po-
tential ®(y,=) of the phonon modes must satisfy

{ a! 2
el 2=+ -2~y 2) =0, ()
(ay® 67

where e=¢y for - L2<y < +#0,:2 and ~L.J2<:
< +L./2. outside of this region which dedines the qu...
tum wirc, ¢ =¢,. The dernvation of Eg (2) s steaighil
ward upon takiag E(c) = - Vb(r). Dic) =<E(r) =E'¢
#42P(r), and lr) as gnven by L. 1), o annbar ficat
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Influence of DX centers and suriace sxates on o-aoped
high-eleciron-mobility transistor performance
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The roles of DX centers and surface states associated with the #-AlGaAs layer of 6-doped
AlGaAs/GaAs high-clectron-mobility transistors have beer investigated by employing

a two-dimensioaal, self-consistent ensemble Monte Crio simulation. Tt is found that both DX
centers an surfiace states degrade device performance, particularly as gate-to-source

voltage increases. This degradation is manifested largely through reduced channel electron
concentration, increased intervalley scattering, and enhanced real-space transfer. Of

the two defect states, DX centers ha
transconductance.

1. INTRODUCTION

Recent studies'™ of the AlGaAs/GaAs high-electron-
mobility transistor (HEMT) have indicated that deep do-
nor levels (DY centers) and surfice states associated with
the n-AlGaAs layer can degrade device performance sig-
nificantly. Experimental measureir s show that there is a
sharp increase in the concentration of trapped carriers by
DX centers (and a subsequent collapse in device transcon-
ductance) in the AlL,Ga, _ ,As layer with Al mole fraction
x> 0.2 Similar degradation has been observed in connec-
tion with surface states as well, The nature of DX centers
1 AlGaAs has been a subject of controversy, investigated
by many authors expcrimcnlally,s'7 Mizuta et al.® describe
the DX center as a simple substitutior:al donor, while the
work by Dhar er ai® reveals that there are two closcly
spacud deep dunor levels in addition to & shallow donor
level Study also shows thzt the ratio of shallow donor
density to deep donor lensity exhibits substantial varia-
tions from sample lo sample, depending upon the material
eompasition and (possibly) some other giowth parame-
tars.”

To date, theoretical inves'igations*®? of the effects of
DX centers and surfuce states on device performance have
been scarce and largely inconclusive. Ir particular, most of
the efforts have been devoted to the phenomenological de
scription (i ¢ . purameter fitting) of device degradation in
the presence of cither DX centers or surface states, rather
than 1o physical modeds whicl. can elucidatc the underlyving
mechanisms The combined trapping effects by hoth DX
centers and suiface states have ot been identified and, in
addition, are not well understood.

It is the putpose of this paper tu present 1esalts of our
study on the influence of DY centers and su fuce stales
employing a realistic, physical madel. The S-doped
AlGaAs/GaAs HEMT has beea chosen as a specific stiue-
ture to be studied due to its superior performance and
recent intetest  compared  to the  uniformly  doped
cotunterpart " 1 The collective mles of DY centers and
surface states are eaamined Tor 0.5-pm-gate-length §-dopad
AlGaAs/GuAs HEM s with general trapping situations

4123 J Appl Phys. 68 (7), 1 Apnl 1691
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more detrimental influence on drain current and

and different bias conditions by cmploying a two-
dimensiunal, self-consistent ensemble Monte Carlo simula-
tion. The results clearly indicate the importance of DX
centers and surface states on device modeling and provide
an eaplanation for detailed degradation mechanisms.

Il. MODEL

The Monte Carlo model incorporates three-valley (I'-
L-X) nonparabolic analytical band structures for both
AlGaAs and GaAs. The trajectories of about 1.5 x 10}
sample electrons are traced both in real space and in mo-
mentuip space under the influence of a two-dimensional
clectric field generated by a self-consistent Poisson equa-
tion solver. These electrons are subject to relevant scatter-
ing mechanisms such as polar optical, intervalley, 1omeed-
impurity, and  electron-clectron  scatterings.  The
contribution by the collective excitations of the electron
gas (i.c., plasimon) is considered through freyuent updat-
ing of the clectric-field profile (every 2x10 'S 5). Real-
spuce transfer of electrons between GaAs and AlGaAs 15
included. Since the two-dimensional quantum effects are
relatively unimportant for the electrons in the high-field
u:gion,” we treat the AlGaAs/GaAs mterface potential
JDassically and ignore size quantization. The effect of cai-
tier degeneracy is tahen mto account for elections in the ©
valiey by cnuploysg Fermi statistics with the calculated
local yuasi-Fermi level and -valley average election en-
agy. ' Charge newtrality m o small region adjacent to
the source and drain comtacts is maintained thioughout the
simulation and serves as the caterion for eection igection.
Figure 1 shows a schematic drawing of & aypical 0.5
o doped AlGaAs/GaAs HEM U structure studied i thus
poper. The device consists of o J00-A umntentionally
doped (5 A 10" cm ) top AlGaAs layer, o 100-A step-
doped (5 A 10" cm %) n ' -AlGaAs layer, and a 50 A
unintentionatly doped (5 4 10" cm ') AlGaAs spacer

ya tolowed by a 2000-A umntentionally doped (3
S 10" um Yy GaAs layer. The contact doping is assumed
tobe 1A 16" un Y An Al nole frachion of 0.3 15 used
for cachi AlGaAs layer. The gate-electiode Scliothy bai-
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ABSTRACT

The Hamiltonian describing the interaction of both confined longitudinal-optical and surface-optical
phonons with charge carriers is derived from the macroscopic dielectric continuum model for the case of
a rectangular quantum wire where phonon confinement occurs in two of the three spatial dimensions.
The full interaction Hamiltonian is used to calculate the total scattering rate for electron-optical-phonon
scattering of electrons :raversing a GaAs square quantum wire. The results demonstrate that the interac-
tion by the surface-optical phonon modes is very strong and may dominate over other scattering
processes, especially with dimensions of about 100 K or less. A considerablé decrease in the total
scattering rate for optical phonons as a result of simple reduction in dimensionality is not observed in this

study.

1. INTRODUCTION

Epitaxial techniques for the growth of compound-semiconductor structures have advanced (o the
level where it is possible to fabricate wire-like regions of narrow-band-gap semiconductor material sur-
rounded completely by regions of large-band-gap semiconductor material. in particular, such wire-like
structures have been fabricated with rectangular cross sections having dimensions small relative to the
electron thermal de Broglie wavelength; furthermore, optical anisotropy measurements on these wire-like
structures provide evidence of two-dimensional quantum confinement of charge carriers.! In such struc-
tures, the electron-optical-phonon scattering rate is affected by changes in the wave functions of the
charge carriers due to the confining rectangular potential but also by changes in the carrier-optical-phonon
interaction Hamiltonian caused by phonon confinement and localization of charge carriers due to the
confining rectangular potential. Indeed, recent measurements on cylindrical quantum wires® have pro-
vided striking evidence of sun’acc-opucal (SO) modes and Fasol et al.> have experimenitally verified pho-
non confinement. The effects of carrier confinement on the total scattering rates for polar- 0pucal phonon
scattering in quantum wells and quantum wires have been evaluated previously by Leburton* with bulk
longitudinal-optical (LO) phonon modes.

In this paper, one-dimensional (1D) ¢<lectron-optical-phonon scattering rates in rectangular quantum
wires are determined by including the effects of carrier confinement as well as by replacing the bulk LO-
phonon modes by the confined LO-phonon modes and s face-optical (SO) phonon modes for a rectangu-
lar quamum wire. While optical-phonon confineme- + et cts are clearly evident in quantum-well struc-
tures, the results of this paper demonstrate that can..--~ D-phonon scattering may dominate over other
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Analysis of Delta-Doped and Uniformly Doped
AlGaAs /GaAs HEMT’s by Ensemble
Monte Carlo Simulations

Ki Wook Kim, Member, IEEE, Hong Tian, and Michael A, Littlejohn, Senior Member, IEEE

Abstract—Transport properties and device performance of
delta-doped and uniformly doped AlGaAs/GaAs high electron
mobility transistors (HEMT’s) with identical threshold voltages
and gate capacitors are investigated with two-dimensional, self-
consistent ensemble Monte Carlo simulations. The model in-
cludes the effects of real-space transfer and carrier degeneracy,
as well as the influence of DX centers and surface states. A one-
to-one comparison of simulation results for the two devices
demonstrates superior performance for the delta-doped HEMT
and provides physical basis for the observed improvements. In
particular, the delta-doped HEMT maintains its superior de-
vice -performance as gate bias is increased, The simulations
provide reasons for these improvements. The predicted advan-
tages of the delta-doped HEMT include-high channel electron
density and high channel drift velocity, which stem primarily
from improved channel electron confinement, reduced parallel
conduction at high gate-to-source voltage, and reduced peak
channel electric field. These advantages of delta-doped HEMT
are manifested in higher transconductance and improved drain
current drive capability at a wider gate-to-source voltage, which
are desirable properties for ultra-fast digital and microwave
device applications.

1. INTRODUCTION

HE HIGH electron mobility transistor (HEMT) is a

promising candidate for ultra-fast digital and micro-
wave device applications. Conventional uniformly doped
AlGaAs/GaAs HEMT's are superior to comparable
MESFET structures in overall device performance. How-
ever, further device improvement is limited by the occur-
rence of persistent photocondutivity [1], threshold-volt-
age shift [2], and collapse of /-V characteristics [3] due
to effects of deep donors in the AlGaAs layer. The utili-
zation of Jow Al mole fraction can reduce these effects;
however, this also reduces the conduction-band-edge dis-
continuity, resulting in decreased channel electron den-
sity. This inherent limitation can be circumvented either
by device structure modifications (such as delta-doping
[4]-[8)) or by using pseudomorphic heterostructures [9],
(10). Recently, much attention has been paid to delta-

Manuscnipt recerved January 4. 1991 revised February 14, 1991, This
work was suppornted in part by the Office of Naval Research and the Na-
tional Science Foundation. Supercomputer time has been provided by the
North Carolina Supercomputing Center. The review of this paper was ar-
ranged by Associate Editor M. Shur.

The authors are with the Depantment of Elecirical and Computer Engs-
necring, Nosth Carolina State Universuty, Ralesgh, NC 27695-7911.

IEEE Log Number 9100794.

doped (also referred to as pulse-doped [4), [5] or planar-
doped [7]) HEMT structures due to the maturity of epi-
taxial technology and excellent lattice match for the
AlGaAs/GaAs s\ .tem. By introducing an unintentionally
doped i-layer between Schottky gate and n”-AlGaAs
layer, the delta-doped HEMT's provide high channel
electron density, reduced trapping effect, and improved
threshold voltage control as well as high breakdown char-
acteristics. Also, one expects improved current drive ca-
pability and high transconductance due to high electron
density and small gate-to-channel spacing for such de-
vices.

Although the advantages of the delta-doped HEMT over
the uniformly doped HEMT have h2en shown experimen-
tally, detailed theoretical invest ..ions are essential to
fully understand underlying phystcs and exploit advan-
tages of delta-doping on electron transport and device per-
formance in the submicrometer regime. While systematic
analysis of conventional uniformly doped AlGaAs/GaAs
HEMT’s and pseudomorphic HEMT's have been re-
ported by many authors [11]-[14], such studies on delta-
doped structures have been rare and mainly first-order (7],
[8]. It is well known that the operation of submicrometer
heterostructure devices involves highly nonlinear trans-
port, such as hot-electron effects and real-space transfer,
and requires a. powerful device model to accurately de-
scribe carrier transport behavior and device performance.
One of the most sophisticated and complete tools is the
ensemble Monte Carlo simulation coupled with a self-
consistent Poisson solver. In this study, we examine the
transport properties and device performance of compara-
ble 0.5-um gate-length delta-doped HEMT and uniformly
doped HEMT (hereafter, D-HEMT and U-HEMT, re-
spectively) using a self-consistent two-dimensional cn-
semble Monte Carlo simulation. Our simulation results
demonstrate the superior performances of D-HEMT's 1o
those of comparable U-HEMT's in terms of device struc-
ture, doping, and bias conditions and provide a clear
physical explanation for the improvements.

[I. MopEeL
The AlGaAs/GaAs HEMT structure used in the sun-
ulations is iliustrated in Fig. I. For th  )-HEMT. the
device consists of a 400-A unintentionally doped (5 X
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Constraints on the polar-optical-phonon influence functional in heterostructures
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The Feynman influence functional for the polar coupling of carriers to confined phonon modes in het-
erostructures is considered. It is found that the partial contributions to the total influence functional
from the individual branches of the optical-phonon energy spectrum are related and constrained by con-
servation relations. The derivation of these conservation relations requires no specific functional form
for the phonon modes; rather it employs only the inherent orthogonality and mathematical completencss
of the classical vibrational modes over the crystal-lattice degrees of freedom. In the bulk-crystal limit
these conservation relations lead to the familiar results of Feynman,; for arbitrary heterostructures, these
conservation relations provide a basis for an estimation of the influence functional from limited
knowledge of the spatial confinement of the individual phonon branches.

I. INTRODUCTION

The Feynman path-integral (FPI) formulation of quan-
tum mechanics allows formal inclusion of carrier-phonon
coupling to all orders in the coupling potential via the
influence functional.? For this reason, the FPI formal-
ism long has been used to calculate carrier self-energies
and effective masses in bulk semiconductors.3”¢ More
recently, the FPI formalism has been extended to the
study of confined carriers in ultrasmall heterostructure
geometries,’” including recent advances in numerical
methods.3~1® However, in heterostructures, beyond the
confinement of carriers, the confinement of phonons
should be considered as weil. Here, this Ilatter
confinement effect on the influence functionals for polar
coupling of carriers to longitudinal-optical (LO) phonons
is considered, without assuming any specific functional
form for the phonon modes. In Sec. II, the influence
functional is defined in terms of the carrier-phonon in-
teraction Hamiltonian. In Sec. III, it is shown that the
partial contributions to the total influence functional
from the individual branches of the LO-phonon spectrum
are related and constrained by conservation relations. In
Sec. IV, it is shown that these conservation relations lead
J

firky T

to tne familiar results of Feynman®* in the bulk-crystal
limit, and that for heterostructures they provide a-basis
for estimation of the influence functional from limited
knowledge of the spatial confinement of the individual
phonon branches.

1. PATH-INTEGRAL FORMALISM

Consider a coupled carrier-phonon system with
quantum-mechanical Hamiltonian of the form

# d? 2 2
— e e £ o ) , (])
< ) dgz_" OmSm aS,,,(r §m

where r is the carrier coordinate, &, are the phonon
coordinates, fiw,, are the uncoupled phonon energies, and
d,,(r) are real functions characterizing the carrier posi-
tion dependence in the carrier-phonon interaction. For
this system, the equilibrium density matrix for the carrier
averaged over the phonon coordinates and subject to a
Maxwell-Boltzmann distribution in energies at tempera-
ture T is given by

p(r.r';'l‘)=f:cxp _-;I“-fo [%m'li‘(t)!z-i'V(r(!))](l! Fein))Detn 2)

1

in the FPI formalism.? Here, f: -+« ()" signifies an integral over all paths from r’ to r that are continuous func-
tions of time, and F{r(1)] is the influence functional. F[r(1)} accounts for coupling between the carriers and phonons to

all orders in the coupling potential and is given by*

pa
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in Advanced Hydrodynamic Transport Models

D. L. Woolard, H. Tian, M.A. Littlejohn, R. J. Trew, and K.W. Kim

Electrical and Computer Engineering Department
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1 Introduction

The Monte Catlo method is a powerful technique for investigaling electron
transport physics in semiconductors and semiconductor devices(1, 2, 3]. Monte
Cetlo is a general statistical numerical method for solving mathematical and
physical problems which was firmly established long before being introduced
to semiconductor physics[4]. In the case of electron transport, the method
provides the most efficiently implemented and physically adaptive technique
currently available to dctermine ezact numericalsolutions of the clectron motion
in semiconducting materials and devices[5, and teferences therein].

The Monte Carlo method provides a relatively simple and accurate indirect ap-
proach to determine particle distribution functions and transpori parameters
resulting from the Boltzmann tranport equalion subject to complex scatfer-
ing meclianisms[8, 7. In the method, a type of mathematical experiment is
petformed where the trajeclory of an electron (ot an ensemble of electrons) is
simulated subject to applied ficlds and given scattering mechanisms. The du-
ration of the carrier free flights and the particular collision events are selected
stochastically (randomly) according to known scattering probabilities which de-
scribe the microscopic processes. When an electron is tracked over a sufficiently
long history the dynamics can then be used 1o estimate time-independent prop-
ertics of the enlire <lectron gas (For time and/or space dependent problems,
the sample cnsemble must be sufficiently large to accurately represent the en-
tire electron gas). ‘This procedure permits the investigation and interpretation
of physical phenomena unattainable solely by experimental methods, Thus, the
Monte Carlo method is extremely valuable to solid state physics from both a
theoretical and experimental point of view.
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Dielectric continuum models of optical-phonon modes predict an enhancement in the
strength of the surface-optical (SO) modes in double-barrier heterostructures as the
heterojunction-to-heterojunction separation is reduced. There is currently no

consensus on the nature of the clectron-SO-phonon coupling interaction. In this work. the
ratio of clectron scattering by the SO-phonon modes (o that by the confined
longitudinal-optical (LO) phonon modes is calculated for a GaAs/AlAs short-period
superlattice based on the assumption that the electron-SO-phonon interaction may be described
by a scalar potential. The scaling of the ratio of electron-SO-phonon scattering to clectron-
LO-phonon scattering as a function of the superlattice period provides a sensitive

test of the appropriateness of the scalar-potential model.

Electron interactions with longitudinal-opucal (LO)
phonon modes in heterostructures are strongly affected by
the changes in the Frohlich Hamiltonian caused by phonon
confinement and localization, as well as by the changes in
the electronic wave function due to the confining potential.
The presence of heterointerfaces gives rise to the confine-
ment of optical phonons in each layer (i.c., confined mode)
and the localization in the vicinity of interfaces [i.c., inter-
face mode or surface-optical (SO) mode]. There have been
suggestions that interactions by the interface modes can be
significant and that the scattering rate due to the confined
modes can be considerably reduced in some structures
compared to the bulk LO-phonon scattering rate.'”> There-
fore, an appropriate treatment of the optical-phonon
modes in quantized systems is essential for the understand-
ing of electron transport in heterostructures. Recently,
both macroscopic and microscopic approaches to electron-
optical-phonon interactions in heterostructures'™! have
been applied in theoretical treatments. Enhanced electron-
SO-phonon (i.c., clectron-interface-phonon) scattering in
polar semiconductors with confining dimensions less than
about 50 A has been indicated recently'*'* on the basis of
a scalar-potential modes. The appropriateness of using a
scalar potential to model the clectron-SO-phonon interac-
tion has been questioned.' In this letter, we model the
clectron-SO-phonon interaction with a scalar poteniial to
calculate the ratio of electron-SO-phonon scattering to
clectron-confined-LO-phonon scattering in a short-period
GaAs/AlAs superlattice. The results provide a criterion
which, in conjunction with experiments, can be used to
examine the validity ol the scalar-potential maodel.

A GaAs/AlAs short-period superlatiice is considered
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in this study. Each GaAs layer has width ¢ and each AlAs
has width b. We will consider the case where a uniform
electron current J is incident parallel to the superlattice
heterojunctions. The ratio of electron-SO-phonon scatter-
ing to clectron-LO-phonon scattering in the GaAs/AlAs
superlattice is calculated through the Fermi golden rule by
treating the clectron-LO-phonon and cleciron-SO-phonon
interaction Hamiltonians*® as perturbation Hamiltonians
and by taking the electronic wave function in the z direc-
tion as that given by Cho and Prucnal for the maximum
edge of the first subband;'® that is,

elk;rr 2 |/2 wz
lkz-p)=‘ﬁ'§(m) COS(a+b), (n

where ky is the electron wave vector parallel to the super-
lattice heterojunctions, LY is the heterojunction area (un-
der the assumption that Lya 4 b and L - ). r defines the
parallel components of the position vectors in the superiat-
tices, and the other quantities are as discussed above. The
origin of the z axis (i.c., growth direction) 1s chosen at the
middle of a GaAs layer. Taking the electron-optical-pho-
non intcraction Hamiltonians to be as in Ref. 6, the matrix
clements for the emission of the lowest order confined LO
phonons and the S symmetric phonons are given, respee-
tively, by

Mesay = N+ T Heg oy [kaNy). (2)
where Ny is the phonon occupation number and k' is the
clectron wave vector after phonon emission. Performing

the indicated overlap integrals, M becomes

¢ 1991 Amencan Instiute of Physics 10973




Appendix €

The following pages contain brief biographical sketches for Dr. M.A. Littlejohn and Dr. K.W. Kim.




BIOGRAPHICAL SUMMARY FOR MICHAEL A. LITTLEJOHN

Business Address

Department of Electrical and Computer Engineering
North Carolina State University

Box 7911

Raleigh, North Carolina 27695-7911

(919) 737-5247

Education

North Carolina State University 1962 B.S. Electrical Engineering
North Carolina State University 1964 M.S. Electrical Engineering
North Carolina State University 1967 Ph.D. Electrical

Engineering

Industrial and Academic Experience

1967-present. Assistant Professor/Associate Professor/Professor,
Department of Electrical and Computer Engineering,

North Carolina State University, Raleigh, North
Carolina.

1977-1981,1985-present. Technical Staff Member, U.S. Army

Research Office, Research Triangle Park,
North Carolina.

1981-1983. Director, Microelectronics Programs, School of

Engineering, North Carolina State University,
Raleigh, North Carolina.

1984-1985. Associate Dean of Engineering for Research

Programs, North Carolina State University, Raleigh,
North Carolina.

1988-1989. Associate Director, NSF Engineering Research Center
On Advanced Electronic Materials Processing.

Professional Activities

Member at Large, Executive Committee of the Electronics Division of
the Electrochemical Society, 1983-1988.

Member, National Academy of Sciences National Research Council
Committee on Recommendations for U.S. Army Basic Scientific
Research, 1985-1986.




Member, Technical Advisory Board, IEEE Engineering Research and
Development Committee, 1986-1989.

Assocliate Editor, Electronics Division, Journal of the
Electrochemical Society, 1987-1990.

Member, NSF Committee on Research Trends and Opportunities for the

Metallurgy, Polymers, and Ceramics Section, Division of Materials
Research, 1983~-1985.

Organizer and Program Chairman, NSF Workshop on The Future of
Microstructure Technology, 1985.

Co-organizer, NSF Workshop on Cooperation and Sharing Among U.S.
Microelectronics Centers, 1983.

Society Memberships and Honors

Institute of Electrical and Electronics Engineers
American Society for Engineering Education
American Physical Society

Electrochemical Society

Certification of Achievement For Patriotic Civilian Service, U.S.
Army, 1989.

R. J. Reynolds Industries, Inc., Award for Excellence in Teaching
and Research, 1983-~1987

Alcoa Foundation Distinguished Research Award, 1983

N. C. State University Alumni Award -~ University Distinguished
Alumni Professor, 1980

Western Electric -~ ASEE Fund Award for Excellence in Teaching and
Research (1978)

Sigma X1 Outstanding Young Scientist Award, 1976

Eta Kappa Nu Outstanding Teacher Award, 1974 & 1975

Field of Research Interest"

Semiconductor device simulation and modeling, III-V compound
semiconductor materials and devices, hot electron transport in
semiconductors, ion implantation and radiation damage in

semiconductors, thin films and oxides on semiconductors, defects in
semiconductors




Ten Most Recent Refereed Publications (From _a_ total of 105)

1. D. L. Woolard, H. Tian, k. J. Trew, M. A. Littlejohn, and K.
W. Kim, "A New Necn-parabolic Hydrodynamic Model for Electron
Transport in Sericonductors," accepted for publication in
Phys. Rev. B (1291).

D. L. Woolard, E Tian, M. A. Littlejohn, R. J. Trew, and K.
W. Kim, "The Application of Monte Carlo Techniques in Advanced
Hydrodynamic Transport Models," accepted for publication in

Monte Carlo Simulation of Semiconductors and Semiconductor
Devices, Kluwer Academic Publishers, Boston, MA, 1991.

L. F. Register, M. A. Littlejohn, and M. A. Stroscio, "Path-
Integral Monte Carlo Calculation of Real Self-Energies of Free
and Confined Carriers," accepted for publication in
Superlattices and Microstructures (1991).

L. F. Register, M. A. Stroscio, and M. A. Littlejohn,
"Conservation for Confined Polar-Optical Phonon Influence
Functionals," accepted for publication in Phys. Rev. B (1991).

K. W. Kim, H. Tian, and M. A. Littlejohn, "Analysis of Delta-
Doped and Uniformly-Doped HEMTs by Ensemble Monte Carlo

Simulation," accepted for publication in IEEE Trans. Electron
Devices (1991).

M. A. Stroscio, K. W. Kim, and M. A. Littlejochn, "Theory of
Optical Phonon Interactions in a Rectangular Quantum Wire,"
Proceedings of the International Society of Optical
Engineering 1362, 566 (1991).

H. Tian, K. W. Xim, and M. A. Littlejohn, "Influence of DX-
Centers and Surface States on Delta-Doped High-Electron
Mobility Transistor Performance," J. Appl. Phys. 69, 4123
(1991) .

8. M. A. Stroscio, k. W. Kim, M. A. Littlejohn, and H. cChuang,
"polarization Eigenvectors of Surface-Optical Phonon Modes in
a Rectangular Quantum Wire," Phys. Rev. B 42, 1488 (1990).

W. C. Koscielniak, M. A. Littlejohn, and J. L. Pelouard,
"Physical Speed Limits of Metal-Semiconductor-Metal
Photodetectors," Gallium Arsenide and Related Compounds 1990,
Institute of Physics Conference Series No. 112, K. E. Singer,
editor, Institute of Physics, New York, 112 613 (1990).

10. M. 2. Littlejohn, J. L. Pelouard, W. C. Koscielniak, and D. L.

Woolard, "Device Simulation Augmented by the Monte Carlo
Method, " Computational Electronics: Semiconductor Transport
and Device Simulation, K. Hess, J. P. LeBurton and U.
Ravaioli, eds., Kluwer Academic Publishers, pp. 69-75, 1991.




Ki Wook Kim

Dept. of Electrical and Computer Engineering Phone: (919) 515-5229
Box 7911 FAX: (919) 515-3027
North Zarolina State University

Raleigh, NC 27695-7911

EDUCATION

08/88 Ph.D. in Electrical Engineering
University of Illinois, Urbana, Illinois
Thesis Title: Monte Carlo Studies of Nonlinear Electron Transport
in 1II-V Semiconductors

05/85 M.S. in Electrical Engineering
University of lllinois, Urbana, Illinois

02/83 B.S. in Electronics Engineering
Seoul National University, Seoul, Korea

WORK EXPERIENCE

08/88 - present: Assistant Professor (Visiting), Department of Electrical and Computer
Engineering, North Carolina State University, Raleigh, North Carolina

06/85 - 08/88: Graduate Research Assistant, Coordinated Science Laboratory, University of
Itlinois, Urbana, Illinois

06/83 - 05/85:  Graduate Research Assistant, Department of Electrical Engineering, Univer-
sity of Illinois, Urbana, Illinois

ACADEMIC HONORS

IBM Predoctoral Fellowship (1986-1988)

RESEARCH INTERESTS

Semiconductor physics and modeling of electronic and optoclectronic devices, carrier transport
in bulk and heterostructures, quantum cffects, Monte Carlo simulation.




PUBLICATIONS

Refereed Articles in Journals

10.

11

13.

14,

K. Kim, K. Kahen, J.P. Leburton, and K. Hess, "Band-Structure Dependence of Impact
Ionization Rate in GaAs," J. Appl. Phys. 59, 2595 (1986).

K. ¥i~- ~nd K. Hess, "Simulations of Electron Impact Ionization Rate in GaAs in Nonuni-
form Electric Fields," J. Appl. Phys. 60, 2626 (1986).

D. Arnold, K. Kim, and K. Hess, "Effects of Field Fluctuation on Impact Ionization Rates
in Semiconductor Devices due to the Discreteness and Distribution of Dopants,” J. Appl.
Phys. 61, 1456 (1987).

K. Kim, K. Hess, and F. Capasso, "New Effects of Structure in Momentum and Real Space

on Nonlinear Transport across Hetersiunction Band Discontinuities,” Appl. Phys. Lett. 51,
508 (1987).

K. Kim, B. Mason, and K. Hess, "Inclusion of Collision Broadening in Semiconductor
Electron Transport Simulations,” Phys. Rev. B 36, 6547 (1987).

K. Kim, K. Hess, and F. Capasso, "Monte Carlo Study of Electron Heating and Enhanced
Thermionic Emission by Hot Phonons in Heterolayers,” Appl. Phys. Lett. 52,1167 (1988).

M. Kuzuhara, K. Kim, D. Arnold, and K. Hess, "Ballistic Electron Transport across Col-
lector Barriers in AlGaAs/GaAs Hot-Electron Transistors,” Appl. Phys. Lert. 52, 1252
(1988).

K. Kim and K. Hess, "Ensemble Monte Carlo Simulations of Semiclassical Nonlinear
Electron Transport across Heterojunction Band Discontinuities,” Solid-State Electron. 31,
877 (1988).

K. Kim and K. Hess, "Electron Transport in AlGaAs/GaAs Tunneling Hot Electron
Transfer Amplifiers,” J. Appl. Phys. 64, 3057 (1988).

J. M. Higman, K. Kim, K. Hess, T. van Zutphen, and H. M. J. Boots, "Monte Carlo Simu-
lation of Si and GaAs Avalanche Electron Emitting Diodes,” J. Appl. Phys. 65, 1384
(1989).

M. Kuzuhara, K. Kim, and K. Hess, "Transient Simulation of AlGaAs/GaAs/AlGaAs and
AlGaAs/InGaAs/AlGaAs Hot-Electron Transistors,” IEEE Trans. Electron Devices ED-
36, 118 (1989).

K. W. Kim, M. A. Stroscio, and J. C. Hali, "Frequencies of Confined Longitudinal-Optical

Phonon Modes in GaAs/GaP Short-Period Strained-Layer Superlattices,” J. Appl. Phys.
67, 6179 (1990).

M. A. Swoscio, K. W. Kim, and J. C. Hall, "Variation in Frequencies of Confined
Longitudinal-Optical Phonon Modes duc to Changes in the Effective Force Constants near
Heterojunction Interfaces,” Superlat. Microstruct. 7, 115 (1990).

M. A. Stroscio, K. W. Kim, M. A. Liulejohn, and H. Chuang, "Polarization Eigcnvectors
of Surface-Optical-Phonon Modcs in a Rectangular Quantum Wire,” Phys. Rev. B 42,




15.

16.

17.

18.

19.

20.

21.

o
o

1488 (1990).

K. W. Kim and M. A. Stroscio, "Electron-Optical-Phonon Interaction in Binary/Ternary
Heterostructures,” J. Appl. Phys. 68, 6289 (1990).

H. Tian, K. W. Kim, and M. A. Littlejohn, "Influence of DX Centers and Surface States on

Delta-Doped High Electron Mobility Transistor Performance,” J. Appl. Phys. 69, 4123
(1991).

K. W. Kim, H. Tian, and M. A. Littlejohn, "Analysis of Delta-Doped and Uniformly-
Doped HEMTs by Ensemble Monte Carlo Simulation,” IEEE Trans. Electron Devices
ED-38, 1737 (1991).

M. A. Stroscio, K. W. Kim, and S. Rudin, "Boundary Conditions for Electron-LO-Phonon

Interaction in Polar Semiconductor Quantum Wires," Superlatt. Microstruct. 10, 55
(1991).

K. W. Kim, M. A. Stroscio, A. Bhatt, R. Mickevicius, and V. V. Mitin, "Electron-Optical-

Phonon Scattering Rates in a Rectangular Semiconductor Quantum Wire," J. Appl. Phys.
70, 319 (1991).

M. A. Stroscio, G. J. Iafrate, K. W. Kim, M. A. Littlejohn, H. Goronkin, and G. Maracas,
“Transition from ILongitudinal-Optical Phonon Scattering to Surface-Optical Phonon
Scattering in Polar Semiconductor Superlattices,” Appl. Phys. Lett. 59, 1093 (1991).

D. L. Woolard, H. Tian, R. J. Trew, M. A. Littlejohn, and K. W. Kim, "A New Hydro-
dynamic Electron Transport Model: Nonparabolic Corrections to the Streaming Terms,"
accepted for publication in Phys. Rev. B.

H. Tian, K. W. Kim, and M. A. Littlejohn, "An Investigation of Doping Profile Variations
on AlGaAs/GaAs High Electron Mobility Transisior Performance,” accepted for publica-
tioninJ. Appl. Phys.

R. Mickevicius, V. V. Mitin, K. W. Kim, M. A. Stroscio, and G. J. Iafrate, "Electron Inter-
subband Scattering by Confined and Localized Phonons in Real Quantum Wires," submit-
ted to Phys. Rev. B.

H. Tian, K. W. Kim, M. A. Liulejohn, S. M. Bedair, and L. Witkowski, "Two-
Dimensional Analysis of Short-Channel Delta-Doped GaAs MESFETs,” submitted to
IEEE Trans. Electron Devices.

Book Chapters

D. L. Woolard, H. Tian, M. A. Liulejohn, R. J. Trew, and K. W. Kim, "The Application of
Monte Carlo Techniques in Advanced Hydrodynamic Transport Models,” in Monte Carlo
Device Simulation: Full Band and Beyond, edited by Karl Hess (Kluwer Academic Pub-
lishers, Boston, 1991), Chap. 8, pp. 219-266.




Refereed Articles in Proceedings of Conferences

10.

K. Kim, K. Hess, and-F. Capasso, "Simulations of Nonlinear Transport in AlGaAs/GaAs
Single Well Heterostructures,” presented at the 5th Int. Conf. on:Hot Carriers in Semicon-
ductors (July, 1987, Boston, Mass:), published in Solid-State Electron. 31, 349 (1988).

K. W. Xim, M. A. Stroscio, and J. C. Hall, "Frequencies of Confined Longitudinal-Optical
Phonon Modes in Short-Period Strained Semiconductor Superlattices,” presented at the
SPIE Int. Symp. on Opticai & Optoelectronic Applied Science and: Engineering (July,
199C, San Diego, Calif.), published in SP!E Proceedings Series 1336, 43 (1990).

M. A. Stroscio, K. W. Kim, and M. A. Littlejohn, "Theory of Optical-Phonon Interactions
in a Rectangular Quantum Wire (Invited),” presented at the SPIE Int. Conf. on Physical
Concepts of Materials for Novel Optoelectronic Device Applications (October, 1990,
Aachen, Germany), published in SPIE Proceedings Series 1362, 566 (1990).

M. A. Stroscio, G. J. Iafrate, K. W. Kim, M. A. Liutlejohn, H. L. Grubin, V. V. Mitin, and
R. Mickevicius, "Role of Phonon Confinement in Nanoscale Systems (Invited),” presented
at the Int. Symp. on Nanostructures and Mesoscopic Systems (May, 1991, Santa Fe, New
Mexico), to be published in Nanostructure Physics and Fabrication.

R. Mickevicius, V. V. Mitin, K. W. Kim, and M. A. Stroscio, "Electron Intersubband
Scattering in Real Quantum Wires,” presented at the Int. Symp. on Nanostructures and

Mesoscopic Systems (May, 1991, Santa Fe, New Mexico), to be published in Nanostruc-
ture Physics and Fabrication.

K. W. Kim, M. A. Littlejohn, M. A. Stroscio, and G. J. Iafrate, “Transition from LO-
Phonon to SO-Phonon Scattering in Mesoscale Structures,” presenied at the 7th Int. Conf.

on Het Carriers in Semiconductors (July, 1991, Nara, Japan), to be publisied in Semicond.
Sci. Technol.

R. Mickevicius, V. V. Mitin, K. W. Kim, and M. A. Stroscio, "Electron High-Field Tran-
sport in Multi-Subband Quantum Wire Structures,” presented at the 7th Ini. Conf. on Hot

Carriers in Semiconductors (July, 1991, Nara, Japan), to be published in Semicond. Sci.
Technol.

S. Das Sarma, M. A. Stroscio, and K. W. Kim, "Confined Phonon Modes and Hot Electron
Energy Relaxation in Semiconductor Microstructures (Invited),” presented at the 7th Int.
Conf. on Hot Carriers in Semiconductors (July, 1991, Nara, Japan), to be publisked in
Semicond. Sci. Technol.

D. L. Woolard, H. Tian, M. A. Liulejohn, R. J. Trew, and K. W. Kim, "Impact of K-Space
Transfer and Band Nonparabolicity on Electron Transport in 2 GaAs Ballistic Diode,”
presented at the 7th Int. Conf. on Hot Carriers in Semiconductors (July, 1991, Nara,
Japan), to be published in Semicond. Sci. Technol.

U. K. Mishra, L. M. Jelloian, M. Lui, M. Thompson, S. E. Rosenbaum, and K. W. Kim,
"Effect of n and p Channel Doping on the I-V Characteristics of AllnAs-GalnAs HEMTs,”
to be presented at the Int. Symp. on Gallium Arsenide and Related Compounds (Sep-
tember, 1991, Scattle, Washington), to be published in the Proceedings.




H. Tian, K. W. Kim, and M. A. Littlejohn, "Ensemble Monte Carlo Study of A Novel
Heterojuncticn Real-Space Transfer Logic Transistor (RSTLT),” to be presented at the

IEEE Int. Electron Devices Meeting (December, 1991, Washington, DC), tc e published
in IEDM Tech. Digest.

M. A. Stroscio, K. W. Kim, G. J. Iafrate, M. Dutta, and H. L. Grubin, "Reduction and Con-
trol of Inelastic Longitudinal-Optical Phonon Scattering in Nanoscale and Mesoscopic
Device Suuctures (Invited)," to be presented at the 1991 Int. Semiconductor Device

Research Symnp. (December, 1991, Charlottesville, Virginia), to be published in the
Proceedings.




